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PKEFACE. 



The object of the present Treatise is to introduce the 
mathematical student to some of the earlier and easier 
branches of Kinematics and Kinetics. 

In the chapter allotted to Kinematics, I have deduced the 
expressions for velocities and accelerations, as far as possible, 
from the definitions and axioms of the subject. 

In the applications to Kinetics, or, in other words, in the 
combination of these expressions with the Laws of Motion, 
for the determination of the motion of a particle or of a 
system, I have adopted the same plan of operations. 

I have assumed, and made free use of, the methods of 
Analysis, for the performance and simplification of the 
requisite calculations. 

The methods employed, and the order of thought which 
is followed, are those which during my experience as a teacher 
I have found to be most effective in the^ elucidation and 
development of the ideas of Kinetics. 

The majority of students do not easily or rapidly absorb 
general ideas, and they are most effectively assisted by the 
gradual development of a subject through simple cases, and 
illustrative examples. ^^^ 
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VI PREFACE. 

With this view I have endeavoured to explain the 
application of the Laws of Motion to the determination of 
the motion of a particle and of systems of particles, com- 
mencing with easy cases, and leading up to a few of the 
interesting and important cases of the motion of a body in 
space. 

My especial object has been to illustrate the direct appli- 
cation of the Laws of Motion, and thereby to produce a 
treatise of an elementary character, but of Educational utility 
to the student who is commencing the study of theoretical 
Kinetics. 

I am very much indebted to Professor W. H. H. Hudson, of 
King's College, London, for useful suggestions and criticisms, 
and to Mr Q. B. Mathews, Professor of Mathematics at the 
North Wales University, and Mr J. Brill, B.A. of St John's 
College, Cambridge, for their kind assistance in the correction 
of manuscripts and proof sheets. 

I venture to hope that the explanations and illustrations 
of the text, and the numerous examples appended to the 
several chapters, will be of assistance to the student in 
mastering the elementary ideas of the subject, and pave 
the way for the consideration of the higher branches and 
the more difficult problems of the great science of Dynamics. 



W. H. BESANT. 



September 16, 1884. 
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DYNAMICS. 



CHAPTER I. 

1. The problems usually discussed under this head are 
those which relate to the geometrical connections between 
given motions, or given kinds of motion, and those which 
relate to the action of forces, and the motions and changes of 
motion produced by forces. 

The former belong to pure science, and deal with the 
geometry of motion, a branch of mathematics to which the 
name Kinematics was applied by Ampere. 

Strictly speaking the word Dynamics includes Statics, 
the discussion of the equilibrium or balancing of forces, and 
Kinetics, the discussion of the effects of forces on the motion 
of bodies. Mechanism belongs to Kinematics, including such 
problems as result from considering trains of wheelwork or 
any connected machinery. 

To Kinetics belong the consideration of the forces setting 
such machinery in motion, or keeping it in motion, the 
problems of Physical Astronomy, and others of important 
practical application. 

We shall commence by a development of the formulaB of 
Kinematics, and afterwards proceed to consider the applica- 
tion of the formulae, and of the Laws of Motion, or Laws of 
Force, to the determination of the motion of a particle, and 
of a system of particles, produced by the action of given 
forces, or, conversely, of the forces required to produce given 
motions. The idea of a particle, or of a material point, 
capable of being set in motion, or of having its motion 

B. D. 1 



2 DYNAMICS. 

affected, by the action of force, is a mathematical abstraction 
leading to the simplest forms of Kinetics. The determina- 
tion of the motions of the bodies constituting the Solar 
System belongs to this class in virtue of the facts that the 
Planetary Bodies are nearly spherical in form, and that their 
dimensions are very small in comparison with their distances 
from each other and from the Sun. 

Moreover the mathematical idea of a solid body is that of 
a system of particles, and the discussion of the motion of a 
single particle therefore naturally precedes the discussion of 
the motion of a body or system of particles. 

It will be seen that Newton's Laws of Motion connect the 
action of a force on a particle with the accelerations produced, 
and lead to the formation of differential equations, the 
integrations of which give the solution of the problem of 
determining the motion. 

It will appear further that Newton's Laws are sufficient 
for the determination of the motion of a system of particles 
or bodies, whether rigidly connected or not, and lead, in a 
similar manner, to systems of differential equations containing, 
in their solution, the motions of the body, or of the various 
bodies of the system. 
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DIFFERENTIAL EQUATIONS. 
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4 2. There are certain diflferential equations which occur 

so frequently in the discussion of questions in Kinetics, that 

e: we think it worth while, for convenience of reference, to give 
a brief solution of them. 



(1) The equation, -^ +yf' (^) = ^ (^), is at once solved 
by the integrating factor 

leading to ye ^^""^ = JF(x) e^^""^ dx+C. 

For example, if j^ + -r^— = tan ^ , the factor is tan ^ , and 

ax svolx Jd Jd 

therefore 



y tan ~ = 2 tan 5 — a? + (7. 






Multiply by 2 -3^ and integrate, then 

(i)'-»v-^»i=*i^-. 

.'. y = c cos (twj + a), 
or y = -4 cos na: + 5 sin nar. 

1—2 



4 DIFFERENTIAL EQUATIONS. 

(3) 3-»V = 0. 

As before, 

... „.^t±JEIi, 

from which we obtain 

The equation -7^ + n*y = oa; + & is reduced to one of the 
two preceding by assuming 

dic* die dy ** dy ' 
and the equation becomes, putting v for 2:*, 

which is of the form (1). 

The solution of this equation is effected by the calculus 
of operations, leading to 

D representing the operation -7- , a^id the expression affecting 

of being expanded in ascending powers of D, 

The complementary function A^ + B^ must be added, 
a and y8 being the roots of the equation 

m? + am + 6 = 0. 



DIFFERENTIAL EQUATIONS. 5 

If the roots of this equation axe imaginary and of the form 
CL ± iSis/l, the complementary function takes the form 

€"* {A cos )8a? + J5 sin fix). 

(6) ^,-nV = cosra. 

The calculus of operations, or the variation of parameters, 
gives as the integral, 

cos rx , ^ 

(7) ^ + n^y = cosrx. 

The. solution is 

cosra? . r^ . 

y=—i — i + -4 cos iw? 4- JD sm nx. 

If n » r, then, writing the solution in the form 

cos ra? — cos no? . ^^ . 

y = = 5 h A cos nx + B SIR nx, 

and finding the limiting value of the fraction when n=^r, 
we obtain 

V = H- sin iwc + A cos tw? + JSsin »W7. 



This leads to 

ly-aD + b .j^ j^ . ,v cosro; 

the complementary function of course being added ; 

. (6 - O cos rx+ or sin r. ^ ^^ ^ ^^^ 
^ (6 — r ) + aV 

a and )3 being the roots of the equation, 



CHAPTER III. 



KINEMATICS. 



3. Definition, The velocity of a moving point, when 
uniform, is measured by the number of units of length passed 
over in the unit of time. 

If the velocity be not uniform, it is measured at any 
instant by the space which would be passed over in the unit 
of time if the velocity were to remain the same as it is at 
that instant. 

To express this idea mathematically, let s be the space, 

that is, the number of units of length passed over by the 

moving point in the time f, and s + hs the space passed over 

in the time t-\-it, so that & is the space passed over in the 

time itf and, if ht be so small that the velocity is not sensibly 

hs 
changed in the time S<, the limiting value of the expression k-, 

that is ^ is the measure of the velocity. 

Or we may argue as follows, K v be the velocity at 
the time t and v + &; at the time t + ht, then is lies between 
vht and (v + &;) ht, and therefore ultimately, 

ds 

4. If the velocity of a moving point be variable, it is said 
to have positive acceleration, if the velocity be increasing, 
and negative acceleration, or retardation, if the velocity be 
decreasing. 



KINEMATICS. 7 

If the rate of increase of the velocity be uniform the 
acceleration is measured by the increase of the velocity in 
the unit of time, and, if variable, it is measured at any 
instant by what would be the increase of velocity in the 
unit of time if the rate of increase were to remain what it is 
at the instant in question. 

Mathematically, if v be the velocity at the time t, and 

v-{-Bv at the time t + St, the measure of the acceleration, 

dv 
in the direction of motion, is 37 . 

at 

Or, if/ be the acceleration at the time t, and /+ Sf at the 
time t + Bt, Bv lies between /S^ and (/+ Bf) Bt, and therefore 
ultimately, 

^^ dt' 

5. The composition and decomposition of velocities and 
accelerations. 

Supposing a moving point to possess, or to have 
impressed upon it, two velocities in diflFerent directions, 
there arises the question ; what is the resulting motion ? 

To solve this kinematical question, we must invent 
machinery to represent coexistent velocities. 




Imagine then a point to move uniformly along a straight 
line while the line is carried parallel to itself at a uniform 
rate. The point will then have two coexistent velocities. 

Let EF be the moving line, and, while the point moves 
from E to jP, let the line move from AB to CD. Then PE 
is to EA as the velocity of the point along the line is to the 
velocity of the line, that is, as CD to AC; 



8 KINEMATICS. 

Therefore APD is a straight line, and the point P actually 
moves from A to D. 

AD therefore represents the resultant velocity in 
magnitude and direction. 

This proposition is called the Parallelogram of velocities. 

In the same way, if a point have two coexistent accelera- 
tions, taking AB and AC to represent the velocities added 
per unit of time, or which would be added per unit of time, 
due to the accelerations at the instant in question, it follows 
that AD represents the resultant velocity superposed, or 
which would De superposed, per unit of time. 

This is the Parallelogram of accelerations. 

Conversely, any velocity or acceleration, represented by a 
line AD, can be decomposed into two velocities or accelera- 
tions, AB, AC, in any assigned directions. 

6. Change of units in the measures of velocities and 
accelerations. 

If V be the measure of a velocity, the meaning is that v 
units of length are passed over in the unit of time. 

If a feet and t seconds be the units, and if 1/ be the 
measure of the same velocity when a' feet and t' seconds are 
units, it follows that 

av __ a V 

for each expression represents the velocity in feet per second. 

If/ be the measure of an acceleration when a feet and t 
seconds are units, the meaning is that 

the velocity per t seconds added in t seconds =fa in feet ; 
.". velocity per second added in t seconds ss*^; 

.*. velocity per second added in one second ^"^ . 

If /' be the measure of the same acceleration when a' 
feet and i seconds are units, it follows that'^-T,- is the measure 

V 
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of the same acceleration referred to a foot and a second, and 

7. Angular velocity and angular a^cceleration. 

If a straight line turn round in a plane it is said to have 
angular velocity, and if this angular velocity be variable it is 
said to have angular acceleration. 

If be the inclination, at the time t, of the moving line 
to any fixed line in the plane, then, exactly as in Articles (3) 

and (4) the angular velocity ia -j- or d, and the angular 

acceleration is -^^s , or 0. 

at 

It must be observed that this is quite independent of any 
motion of translation which the line may have, and simply 
measures the rate of turning round. 

When we speak of the angular velocity of a point P, 
moving in a plane, about a fixed point in the plane, we 
really mean the angular velocity of the straight line OP. 

li the velocity and direction of motion of P be given , a 
simple expression can be obtained for its angular velocity 
a bout a fixed point 0. ^ • 

For if 0P= r, and i£ p he the perpendicular from on 
the direction of motion of the point, and v its velocity, the 
angular velocity is equal to the resolved part of the velocity 
perpendicular to OP divided by OP, and therefore 

p pv 

8. Expressions for accelerations. 

If a?, y, 2f be the co-ordinates of a point, referred to a 
system of fixed axes at right angles to each other, a^ y, and z 
are the distances of the point from the planes of yz, zx, 
and xy. 




1 
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The velocity parallel to ^ is the rate of increase of the 

distance from the plane yz, and, as in Art. (3)^ is represented 

doc 
by -^ or by x, employing fluzional notation. 

And, similarly -^ and -j , or y and z, are the velocities 

parallel to y and z. 

If tt, v, w be these velocities, the accelerations parallel to 

the axes are, by the same reasoning as in Art. (4), -g » -n > ^nd 

dw . . 1 . .1 X • ^^ ^y J ^^ " - 

-17 , or u, V, and w \ that is, are ;^ > j^ > ^^d -^ , or a?, y, 

and z\ 

We shall in all cases limit the use of the symbols x, x to 
the case in ii^hich the time is the independent variable. 

9. It must be carefully observed that the velocity of 
a point in any direction is the rate of change of the distance 
in that direction, and is equal to the limit of the change of 
distance divided by the change of time, when that change 
is indefinitely small. 

And similarly, the acceleration in any direction is the rate 
of change of the velocity in that direction, and is equal to 
the limit of the change of velocity divided by the change of 
time, when that change is indefinitely small. 

10. Radial and transversal velocities and accelerations. 
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Let r, be the polar co-ordinates of a moving point, 
and u, V the radial and transversal velocities, that is, the 
velocities in direction of OP and perpendicular to OP. 

P being the position of the point at the time t, and P' at 
the time t + Bt, and if OP' = r + Sr, 

,. .^ . OP' cos Stf- OP dr . 
,, = hniitof g^ ^==r, 

, ,. .^ .OP' sin S^ rd0 . 

and V = hmit of =- = -, - = r0. 

ot at 

If w + Sm, t; + Sv, be the velocities at P' in direction of 
and perpendicular to OP", acceleration in direction OP 

— r > f (^ + ^^) ^^^ dO — {0 + Bv) sin dO — u 

St 

acceleration perpendicular to OP 

— r *+ ^(i^ + 3t;) cos d^ + (^ + Bu) sin dO — v 

Bt 

""d«"^^d«~^d«»'^ d« d^ 

I t should be noticed that, if r = 0, that is, if the moving 
poin t is p aa^in g through t>? ft^jgin^_t he8e expressions ar e 

r and 2f ft 

11. The expressions for radial and transversal accelera- 
tions may otherwise be obtained in the following manner. 

The component accelerations parallel to x and y being x 
and y, ' 
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the radial and transversal accelerations are respectively 

xcoad + ysiaO, and y cos^ — afsin^. 

Putting r cos for x, and rabiff for y, these expressions 
become 

r - rfl', and rd -f 2f ft 

12. Case of uniform motion in a circle. 

If r and are both constant, and if = <», the transversal 
acceleration vanishes, and the radial acceleration = — ©V; 
that is, the resultant acceleration is directed to the centre 
of the circle and is equal to the radius multiplied by the 
square of the angular velocity. 

13. Velocities and accelerations referred to two aaes, at 
right angles to each other ^ moving in a plans about the origin. 




If Oxy Oy be the positions of the axes at the time t, 
Ox, Oy at the time t + ht, xOx = h0, and w, v, velocities 
parallel to x and y at the time t, 

^^NL ^lx-¥ix)coai0-'{y-\-hf)Bmh0-x dx d0 

^=^*w=^^ u — . ^di-y-dt' 

T . (a? + hx) sin S^ + (y + %) cos hO—y dy d0 

^^^^- It di^'^li' 
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If u + Su, v + Bv be the velocities of P' parallel to x' 
and y, 

acceleration parallel £o Ox 

T . (w + Bu) cos B0 — (v + Bv) sin BO — u 

^^^ di —' 

_dw_ dd d^_ /'^V- ^_^dyd0 

"dt ^dt'^df ^\dt) ^ df dtdV 

and acceleration parallel to Oy 

T . (t^ + Bu) sin S^ 4- (v + Sv) cos BO — v 
= Lt ^ g^ , 

In fluxional notation, the velocities are 

i? — y5, and y + ar^ ; •^ 
and the accelerations are 

u — vd and v + w^, *^ 
a? - yd' -xB"" 2y0,^SiJid y + xd- yB" + 2x0, ^ 



or 



14. Case of a point moving on the surface of a right 
circular cone. 
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PN being perpendicular to the axis, let OP = r, and the 
angle between the moving plane NPO and a fixed plane 
AON=0y and let Q be the projection of P on a plane 
through perpendicular to the axis of the cone. 

(f . ON d}r 
Acceleration parallel to 0N=^ ~~J^ — = -^cos a.....(l), 

acceleration in direction NP = that of Q in direction OQ, 

d^.OQ 



dt 



- OQ (^", by Art. (10) (2), 



= ^sma-rsmay, 

and perpendicular to the plane NPO 

1 rf / o . • d6\ sina d ( ^dd^ 



r sin a dt 



/ , . - d0\ sin a d / • d0\ ,^. 



Multipljnng (1) by cos a, (2) by sin a, and adding, we find 
that the acceleration in the direction OP 

d'r . , (dd\* .. ' % M J 
= ^-rsin«a{^^j=r-rsin'a^. ^ 

Multiplying (1) by sin a, (2) by cos a, and subtracting, the 
acceleration in the direction of the normal PQ to the surface 



= rsmacosa 1^1 = 



r sm a cos 



a^*. ^ 



15. Case of a point moving on the surface of a sphere. 
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OAG being a fixed plane, and OG a fixed radius, and FN 
perpendicular to OC, tate <f> as the angle between the planes 
OAO and OPC, and as the angle COP. 

The accelerations in the directions, ON, NP, and per- 
pendicular to the plane OPC, are respectively 



^(oc^ ^.(a8m^)-a8in^(^yf 



and 



::ZZ fiTj^^^ * Sl^^ 



d 



(«■-■»§)■ 



a sin dt\ dt 

Multiplying the second of these by cos 0, and the first by 
smd, the difiference of the products is the acceleration in 
direction of the tangent at P to the meridian curve CP, and 
is equal to 

ad — a sin ^ cos .<j>\ i/ 

Similarly the acceleration in the direction PO 

= ad" + asin"^.<^». ./ 

16. In the general case in which the position of a 
moving point at any time is defined by the polar co-ordinates 
r, 0, <f>, the accelerations of P in the directions perpendicular 
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to Oz in the plane CPA, and perpendicular to that plane are 
the same as the accelerations of Q, and are therefore ^^ •^•'^ 

the former in the direction NP and the latter perpendicular 
to the plane CPA. 

Also the acceleration parallel to Oz 

If p, T, (7 be the component accelerations in the directions 
OP, PT perpendicular to OP in the plane GPA^ and 
perpendicular to that plane, it follows, by resolving the above 
accelerations, that 

p = r-r^»-r</)'sin*^, ^ 

T = r6>+2r^-r<^«sin(?cos^, ^ 

a = r0 sin ^ + 2r^ sin ^ + 2r^^ cos 6, tX 

17. Tangential and normal accelerations of a point moving 
in a plane curve. 
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If V be the velocity at P of a point moving in a curve, 
and if s be the arc OP of the curve measured from some 
fixed point 0, 

dt ' 

The tangential acceleration at P 

T x c (v + St;) cos S<f> — v _dv d^s 
= Ltof ^^ di^dt" 

and the normal acceleration 

— T + f (^ + S^) s^^ S^ _ "^^^ _ ^^^ ds _'^ 
"^ S^ d< ds ' dt^ p' 

if /> be the radius of curvature at P. 

If the motion of the point be uniform motion in a circle, 
V and p are constant, and, if ay be the angular velocity, v = cop. 
The tangential acceleration is then zero, and the normal 
acceleration, measured inwards, is equal to cD^p, as in 
Art. (11). 



18. Accelerations of a point moving in a tortuous curve 
in directions of the tangent^ the principal normal, and the 
binormal. 

If X, y, z be the coordinates of the point referred to fixed 
rectangular axes, we have, 

dx ^dxds 
dt " ds dt' 



J ^, ^ drx drs dx . /ds\ 

and therefore — =__ + y 



d^x d^s dx . fdsV d^x 

ds 



a > 



'^^d^dy (ds^^y 



Q 



dt' df ds ' \dtj da' * 

^_^dz fdsV ^ 
df df ds^\dt) ds'' 
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Now j~ * ;/ > T" ^® *^® direction-cosines of the tangent, 

and if p be the radius of absolute curvature, 

8^x d^y cPz 
f'd?* ^d?' ^d?' 
are the direction-cosines of the principal normal. 

The above equations therefore prove that the resultant 

cPs 
acceleration of the point is compounded of the acceleration -^ 

in direction of the tangent and of the acceleration - [ -^ j in 

direction of the principal normal. 

It follows at once that there is no acceleration in direction 
of the binormal. 

Or, the direction-cosines of the binormal being pro- 
portional to 

dy d^z dz d^y ^z d^x dx^ d^z dx d^y dy d^x 

ds ds* ds d^' ds d^ ds dsi^' ds da^ ds ds^' 

if we multiply the above equations by these three quantities 
respectively, and add them together, the right-hand member 
vanishes identically. 

19. These results can also be obtained by the consider- 
ations that the osculating plane is the plane containing two 
consecutive tangents, and that the consecutive osculating 
plane is obtained by an infinitesimal twist round the tangent. 

The circles PA, PA\ in the accompanying figure, are 
consecutive circles of curvature, the angle between their 
planes, S97, being the angle of torsion, and the circles being, 
in general, small circles on the sphere of curvature. The 
circles may be in certain cases coincident, or either of them 
may be a great circle. 

If P' be a consecutive point on the circle PA\ de be the 
angle of contingence, that is, the angle between the tangents 
at P and P', v the velocity at P, and v + Sv ai P\ 

the changes of velocity in directions of the tangent PT, 
the principal normal PJS, and the binormal are 
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(v + Bv) cos Be — r, (v + Bv) sin Se cos S17, 
and (v + Sv) sin Se . sin Srj; 



dividing by Bt, we obtain in the limit, the expressions 

' dv ^ v^ 
-r and — 
dt p 

from the first two, and the ratio of the last expression to 
Bt vanishes in the limit. 

The Principles of Relative velocities and Relative accelera- 
tions. ' 

20. If P be a moving point. A, J5, (7,... other moving 
points and a fixed point, the velocity of P in any direction 
is the sum of the velocities, in the same direction, of P 
relative to J., of A relative to B, of B relative to C, and so 
on, and of the last moving point relative to 0. 

For if u be the velocity of P in the direction considered, 
iij, Wj,,..i^; of the moving points in the same direction, 

which establishes the statement. 

The same principle is equally true of accelerations, 
r du d . \ , d . V. . du^ 

that is the acceleration of P is the sum of the relative 
accelerations. 

21. By aid of the foregoing principle, the expressions of 
Art. (13) are at once obtained. 

2—2 
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For u =s velocity of P relative to iV + velocity of iV 

and so v = y-{-xd. 

Again, the acceleration of N in the direction Ox 

= 07 — xd , 
and that of P relative to JV in the same direction 

therefore the acceleration of P in the direction Ox 

= x^x^-y6-^&\ 
and similarly the acceleration of P in the direction Oy 

= y^y^ + xe + 2x0. 

22. We can also obtain the expressions for the accelera- 
tions in the following manner. 




The velocities of a moving point P, at any time t 
parallel to two moving directions Ox, Oy can be represented 

by u=^ON,v = QN, 

and the accelerations parallel to x and y will be the rates of 
change of u and v in those directions and will therefore be 

u — vd^ and i) + ud. 
Observing that 

u = x — yd, and v = jr -|- xdy 

we obtain the expressions given at the end of the last 
article. 
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23. Component velocities and component accelerations 
of a moving point referred to two axes turning round the 
origin in any given manner. 




Let and ^ be the inclinations, at any instant, of Ox and 
Oy to some fixed line in the plane, and represent by © the 
angle xOy or f^^B.!^ - 

The velocity of P ^relative to N is y<f> perpendicular to 
PN, and this, by the triangle of velocities EPN, decomposes 

into -r y^ cosec ©, and y<j> cot ©, 

parallel to, a? and y. 

The velocity of N in direction Ox is x^ and perpendicular 

to Ox is xd. 

The latter, by the triangle of velocities ONF^ decomposes 

into — xd cot 0), and xd cosec a>, 

parallel to x and y. 

Hence, the velocity of P being compounded of its 
velocity with regard to iV, and of the velocity of N, the 
components parallel to x and y are respectively 

U ^ X — xd cot o) — y<f> cosec (o, *^ 

^ K y-\-x6 cosec €o-\-y<j) cot ay, / 

In exactly the same manner the component accelerations 
are at once seen to be 
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I', y-^y$' + (x0 + 2x6) 



cot 09 — (y^ + 2y<f>) cosec », 
cosec (o + {y^ + 2y<^) cot to. 



24. The foregoing expressions can be obtained in a 
diflFerent manner. 

Thus if u and v be the component velocities, 
ucos + V cos (f> = -t:{x cos + y cos ^), 

w sin ^ + 1; sin ^ = -^ (a? sin ^ + y sin 0), 

and if/,/' be the component accelerations, 

/cos ^ +/' cos ^ = -i^(xcos0 + y cos ^), 

cP . 
/sin ^ +/' sin ^ = -7^ (a? sin ^ + y sin ^). 

The solution of these equations will give tie expressions > 
for u, V, f and/'. 

25. Particidar illustrations of the use of the principle of 
relative velocities and relative accelerations. 

(1) A point P describes an equiangular spiral with 
uniform angular velocity round 0, and a point Q describes an 
equal spiral with the same angular velocity round P ; it is 
required to find the path <^f Q- , ^ • . 

Since r = ae^^jt^wfijiase r * ^ *^'^ "^•'•^' ^ '^^^ '^j 

5* Hr^t^e =^ ^ s = sec a . r = rtf cosec a^^r^f^ 

so that, if /i.OP be the velocity of P, in the direction PT, 
/vPQ is the velocity of Q relative to P in the direction QF,^ 
the angles OPT, P^i^ being equal and constant. 

Hence fiQQ is the actual velocity of Q. 

Further if QE, QF represent the component velocities in 
direction and magnitude, the resulting velocity of Q is 
represented by QQ the diagonal of the parallelogram, and the 

angle OQG = PQG- PQO = PQF+FQG-EGQ=^PQF; 

whence it follows that the path of Q is an equal spiral. 



.1 
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(2) A circle rolls uniformly inside a circle of double its 
radius ; it is required to find the acceleration of any carried 
point 




/ If P be the carried point on the radius CB, and if OB 
\ produced meet the circle in A, it follows, since the angle 
( QCB = 2 COB, that the arcs QA, QB are equal 
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Therefore -4 is a fixed point and B moves along the line 
AOA\ 

Since 0(7, CB make equal angles with OA it follows 
that the angular velocities of the lines 00, GP are equal. 

Hence, if © be this angular velocity, the acceleration of C 
is in the direction CO and = ©' . COy and the acceleration of 
P relative to is in the direction PC and = ©* . PO; 

therefore, by the triangle of accelerations, the resulting 
acceleration of P is in the direction P and = ©' . PO. 

(3) A circle rolls on a straight line; it is required to find 
the acceleration of the point of the circle in contact with the 
line. 

If 6 be the angle through which the circle has rolled 
from any assigned position, and a the radius of the circle, ad 

is the linear space traversed by the centre and therefore aO 
is the acceleration of the centre. 

The accelerations of the point of contact P, relative to the 

centre are a(P in direction PC, and ad parallel to the line and 
in the direction opposite to that of the motion. 

Compounding these with the acceleration of 0, it results 
that the acceleration of P is in direction PC and is equal to 

a^, or to ao)*, if a> be the angular velocity. 

This result may otherwise be obtained as follows: 

Let X and y be the coordinates of the point initially in 
contact; then 

ic = a^ — a sin ^, and y^a — a cos 0, 
from which x^aQ — a (cos ^ . ^ — sin 6 . ^), 

y^a (sin ^ . ^ + cos 5 . ^), 
and, putting ^ = 0, af = 0, and y = a6*, 

we hence infer that if p be the radius of curvature, at the 
point of contact, of any curve rolling on a straight line, the 
acceleration of the point of the curve in contact with the line 
is ft)*/3 in the direction perpendicular to the line. 
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Or we can give a proof directly from the definition of 
acceleration. 




Let the curve PQ roll on a straight line, the point P 
rising from the point A. 

When B.t Ay P has no velocity, and when Q is the point 
of contact, and is therefore the instantaneous centre, the 
velocity of P is o) . PQ perpendicular to PQ, 

Taking PQ as an infinitesimal arc, and E as the centre of 
curvature, the velocities of P parallel and perpendicular 
to the line are ay . PQ sin c0 and ay . PQ cos B0, if PEQ = B0. 

Hence if St be the time the accelerations are the limits of 
fi) PQ — ^— and cd PQ — cv.— , and, as PQ=pS0, the first of 

these ultimately vanishes, and the second = ©*/). 

(4) A circle of radius b rolls on a circle of radius a; it 
is required to determine the acceleration of the point of 
contact. 

Taking the arc BP equal to the arc AP, and co as the 
angular velocity, 
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and the accelerations of P relative to (7, in the direction PC 
and perpendicular to it, are 

hco^ and 6a). 

The accelerations of (7, in the direction CO and perpen- 
dicular to it, are 

(a + 6)^'and(a+J)d; 

W 



or 



6V 

aH-6 



and hcD. 



Compounding these with the relative accelerations of P, 
it results that tne acceleration of P is in the direction PC 
and is equ&l to 

ah 



a+b 



to\ 



Replacing a and h by radii of curvature this expression 
gives the acceleration of the point of contact of any curve 
rolling on a fixed curve. 

26. We have considered in Art. (7) the angular velocity 
of a line moving in a plane; we shall now find it necessary to 
consider the angular velocity of a rigid system of lines 
and points in space. 
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The angular velocity of a rigid system about an axis is 
the rate of increase of the inclination of a plane fixed in the 
system, passing through the axis, to a plane passing through 
the axis, fixed in space. 

Parallelogram of angular velocities. 

Imagine that a rigid system has two coexistent angular 
velocities ay, a/ about two axes OA, OB, Construct a 




parallelogram AOBG such that OA and OB are in the 
ratio of the angular velocities, and take a quantity ft such 
that 

OA : OB : OC :: ay : ay' : ft. 



If P be any point in the plane A OB, the velocity of P, 
due to the two angular velocities, is equal to 

perpendicular to the plane. 

Now, OA CB being a parallelogram, we know that 
PL . 00= PM.OA+ PN. OB; 
n.PL^o^.PM + co'PN, 

and therefore the velocity of P^il.PL, which is the 
velocity due to an angular velocity fl about OC. 

The line 00 therefore represents the resultant angular 
velocity. 
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Hence it follows that angular velocities are subject to the 
parallelogrammic lani^ and can be compounded and decom- 
posed in the same way as linear velocities. 

In other words, an angular velocity is a vector. 

27. If a rigid system be in motion about a fixed point, 
there is always one line in the system which has no motion 
and about which the system is turning. 

It is clear that the motion of the system is completely 
determined by the motions of any two given lines OP, OQ of 
the system. Now, at any instant, OP must be moving in 
some plane and therefore must be turning round some 
straight line in the plane through OP perpendicular to the 
plane of motion of OP. 

Similarly OQ must be turning round some line in the 
plane through OQ perpendicular to the plane of motion 
o{ OQ. 

If then OG be the line of intersection of the two planes 
through OP and OQ, perpendicular respectively to their 
planes of motion, the motion of the system is completely 
represented by a state of rotation about 00, 

Any state of motion of a rigid system about a fixed point 
can therefore be represented by a single angular velocity, or 
by three coexistent angular velocities about three lines 
through the fixed point. 

28. Velocities and accelerations of a point referred to 
three moving axes at right angles to each other. 

Let ^j, ^j, ^3 represent, at any instant, the angular 
velocities of the system of axes about the axes themselves, or 
rather, about the lines fixed in space with which the axes 
are, at the instant, coincident. 

If u, V, w be the component velocities, 
u = velocity of P relative to ^ + that of K relative to N 
+ that of jST relative to 



and similarly 
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w==z — x0^ + y0^. 
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For the accelerations, 
let OL==u, OM^v, ON = w 

represent the component velocities ; 

then the accelerations parallel to the axes are, on this 
scale, the velocities of P, and are therefore 

li — v^g -f* w0^ 
V — w0^ + u0^ 
w — u0^ + V0. 

Or, the acceleration of P relative to iV, in the direction 
Ox, being u — v0^y and the acceleration of N in the same 
direction being w0^, the acceleration of P parallel to Ox is 
the sum of these two, and the accelerations parallel to Oy 
and Oz are obtained in the same manner. 

29. If the position of a moving point P be defined 
by the length r of the tangent PQ to a given curve, and the 
deflection ^ of the tangent, 
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the acceleration parallel to PQ relative to Q = r — r<^^, 
and that of Q in the same direction = s\ if the arc OQ 
.*. acceleration of P in the direction QP = r — r(j>^ + s 



= 5, 




and, similarly, acceleration perpendicular to PQ 

r 

if p be the radius of curvature at Q. 

30. A point moves on a given curve, while the curve 
turns round a fixed point in its plane: it is required to 
find expressions for the accelerations of the point 
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If 0P= r, the accelerations of the point P of the curve 
are ©V and rd) in the direction PO and perpendicular to 
PO. 

If the moving point be passing over the point P its 
accelerations are those of P compounded with its accele- 
rations relative to P. 

These relative accelerations are due to the angular 
motion of PT and to the motion on the curve, and, in 
the respective directions of the tangent PT and the normal 
at P, are, if s be the arc J. P measured from a given point A 
of the curve, 

8 and 2(08 + - , 

P 
in accordance with the observation of Art. (10). 

It is an instructive exercise to obtain these expressions by- 
taking a consecutive position of the moving point on the 
curve, when twisted through a small angle (oBt, and actually 
resolving its velocities, relative to P, in the directions PT 
and perpendicular to it. 
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1. A railway train is moving at the rate of 30 miles an 
hour, when it is struck by a stone moving horizontally and at 
right angles to the train with the velocity of 33 feet per 
second. Find the magnitude and direction of the velocity 
with which the stone appears to meet the train. 

2. Assuming that the earth describes a circle uniformly 
about the sun in a year, that the distance of their centres is 
240 radii of the sun, and that the radius of the sun is 100 
times that of the earth, find the measure of the velocity of the 
vertex of the earth's shadow, taking the sun's radius as the 
unit of length and a year as the unit of time. j/ ^^^ ^ 



^<*«t'''* Aa4^> 
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3. If one point move uniformly in a circle, and another 
move with equal velocity in a tangent to the circle, what are 
their relative paths? ^yx^s y 

4. The radius of the earth being 4000 mile^, the latitude, 
X, of a place at which a train travelling westward at the rate 
of 1 mile per minute is at rest in space is given by 

cos X =-=77- . *^ 
607r 

5. A circle revolves with uniform velocity about its centre. 
The centre moves with varying velocity alone; a straight line. 
Find the velocity parallel to this line at any instant of a point 
on the circumference, and deduce the acceleration of the centre 
necessary for this point to be always moving at right angles to 
the line. v^ 

6. A point moves in a curve in such a way that its direc- 
tion of motion changes at a rate varying as the velocity directly 
and the whole space described inversely. Prove that the cur- 
vature varies inversely as the arc. ^ 

7. A wheel revolves uniformly about its centre (7, which 
is fixed, and a particle A moves uniformly in a straight line 
through the centre ; describe the path of a point B in the 
wheel relative to A, (1) when GA is in the plane of the wheel, 
(2) when GA is perpendicular to that plane. ^ 

8. If the resolved parts of the velocity of a moving par- 
ticle perpendicular to its distances from two fixed points are 
constant, and equal to one another, its velocity varies as the 
square root of the product of its distances from these points. > 

^ 9. A particle A moves in a straight line, a second particle 
B always moves towards A and keeps at a constant distance 
from it. Find the path of B, and shew that its velocity is a 
mean proportional between the velocity of its projection on 
the path of A and the velocity of A. J 

10. If a point be situated at the intersection of the per- 
pendiculars, drawn from the angular points of a triangle to 
the sides respectively opposite to them, and have three com- 



EXAMPLES. 33 

ponent velocities, represented, in magnitude and direction, by 
its distances from the angular points of the triangle, prove 
that its resultant velocity will tend to the centre of the circle 
circumscribing the triangle, and will be represented by twice 
the distance of the point from the centre. ^ 

11. The tangent at a point P of a parabola meets the 
tangent at the vertex in F and the axis in T, If Y move 
with uniform velocity, shew that T moves with uniform ac- 
celeration: if T move with uniform velocity, the velocity of Y 
varies inversely as J. F. ,/ 

12. If the velocity of a point be resolved into any number 
of components in a plane, its angular velocity about any fixed 
point in the plane is the sum of the angular velocities due to 
the several components. «^ 

13. A point moves in a plane curve and sounds as it 
moves. At a fixed point G in the plane the whole sound 
produced is heard simultaneously. Shew (i) that if the point 
moves uniformly, the curve is an equiangular spiral — (ii) if 
the velocity of the point vary inversely as the distance of G 
from its line of motion, the curve is a reciprocal spiral ^ 

14. A point moves in the arc of a cycloid so that the 
tangent turns uniformly ; prove that the acceleration of the 
point is constant. ^ 

15. If the axes Ox, Oy revolve with constant angular 
velocity o), and the component velocities of the point {xy) 
parallel to the axes are 

prove that the point describes relatively to the axes an ellipse 
in the periodic time 

TT a' + 6' 



O) 



ab 



Prove that the locus of the points about which the angular 
velocity of a point moving in any manner is, at the same 
instant, the same, is a circle. 

B.D. 3 
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16. If the acceleration of a falling body be the unit of 
acceleration and a velocity of 60 miles an hour the unit of 
velocity, find the units of length and time. 

17. If the angular velocity of a particle about a given 
point in its plane of motion be constant, prove that the trans- 
versal component of its acceleration is proportional to the 
radial component of its velocity. 

18. If the acceleration of a falling body be the unit of 
acceleration, and if a velocity of a yard per minute be the 
unit of velocity, find the units of space and time. 

19. If a lamina move in its plane so that two fixed points 
in it describe straight lines with accelerations/,/', shew that 
the acceleration of the centre of instantaneous rotation is 



Jf +r - V'f cos e 

sine 
6 being the angle between the lines. 

20. A lamina moves in its own plane so that two points 
fixed in the lamina describe straight lines with equal accelera- 
tions; prove that the acceleration of the centre of instan- 
taneous rotation is constant in direction. 

21. A point P moves with uniform velocity in a circle ; 
Q is a point in the same radius at double the distance frooi 
the centre, PR is a tang.ent at P equal to the arc described 
by P from the beginning of the motion ; shew that the 
acceleration of the point M is represented in magnitude and 
direction by R Q, 

22. In two different systems of units an acceleration is 
represented by the same number, while the velocity is 
represented by numbers in the ratio 1 : 3. Compare the 
units of time and space. 

23. If the time is a quadratic function of the space 
described, prove that the tangential acceleration is propor- 
tional to the cube of the velocity. 
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24. A point moves in an ellipse so that the velocity 
varies as the square of the diameter parallel to the direction 
of motion: prove that the resultant acceleration at any 
instant will be in direction of the line joining the point with 
the middle point of the perpendicular from the centre on the 
tangent at the point. 

25. A point moves in a plane in such a manner that 
its tangential and normal accelerations are always equal, and 

its velocity varies as €*"~*o, 8 being the length of the arc 
of the curve measured from a fixed point ; find the path, 

26. If a curve roll in contact with a straight line with 
uniform velocity, shew that the acceleration of the point in 
contact with the straight line varies inversely as p, but if 
with uniform angular velocity directly as p; p being the 
radius of curvature of the curve at the point in contact. 

27. A curve rolls along a straight line, the point of 
contact moving uniformly along the line. Shew that the 
acceleration of the centre of curvature of the rolling curve at 

the point of contact is proportional to -— in the curve at the 

point. 

28. K the motion be referred to two axes one of which 
is fixed, and the other revolves about the origin in such 
a way that the line joining the origin to the particle is 
equally inclined at an angle ^0 to the axes, shew that the 
component acceleration parallel to the fixed axis (f) is 

f-(2^^ + f^)cosec^. 
What is the other component ? 

29. If the radial and transversal accelerations of a particle 
be each proportional to the velocity in the direction of the 
other, the path of the particle is given by the equation of 
the form 



(^-^r©'-^--^'»*'-?- 
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30. If the perpendiculars from a point P on axes Ox, Oy 
of which Ox is fixed, and Oy revolves uniformly, are f, ri 
respectively, prove that the accelerations of P parallel to 
the axes at the instant when they are perpendicular 

are ^ — 2f od + lyo) , and f ; the angular velocity of Oy 
being o). 

31. The centre G of an elliptic wire is moved with 
uniform velocity along a fixed line (7F in its own plane 
whilst the wire is in contact at P with a fixed line PY 
perpendicular to GY\ shew that the acceleration perpen- 
dicular to PY of the point of the curve in contact at 
P X x^ 'ip p^y where CY=py and a?, y are the co-ordinates 
of P referred to the axes. 

32. A point moves in a plane with an angular velocity 
o), and the plane is turning round the radius vector with an 
angular velocity a/ ; prove that the accelerations in the plane 
are r — ci>V, and ro) + 2ro), and that the acceleration perpen- 
dicular to the plane is rcow'. 

33. A point P moves on a straight line OP which is 
made to describe uniformly a right circular cone about an 
axis OAy while OA sweeps out uniformly a right circular 
cylinder ; find an expression for the acceleration of the point 
P in the direction OP. 

V 

34. A point P moves so that its velocity is compounded 
of two constant velocities, one of which is in a fixed direction 
and the other is perpendicular to the line joining P to a fixed 
point. Find the orbit described by P, 

35. A plane is moving about an axis perpendicular to it, 
and a point is moving in a given curve traced on the plane ; 
in any position cd is the angular velocity of the plane, v the 
velocity of the particle relative to the plane, r its distance 
from the axis, p the perpendicular on the tangent, s the arc 
described along the plane, prove that the acceleration along 
the tangent to the curve is 

dr 



(dv d(a\ 



ds 
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36. The velocity of a point moving in a plane is 
the resultant of two velocities v and v' along two radii 
vectores r and r measured from two fixed points at a 
distance a apart. Prove that the corresponding accelera- 
tions are 

37. A circle of radius a rolls on a second fixed circle of 
the same radius and a point P on it traces out a cardioid. 
If and G be the centres respectively of the moving and 
fixed circles, prove that the accelerations of P along and 
perpendicular to FO are 

2a {20* - ^ cos + ^'sin 0), 
4a6in^fsin^^ — ^cos^j , 

being the angle 0(7,makes with a fixed line. 

38. Two circles are taken, and the motion of a point is 
given by the component velocities («, u') in the directions of 
two tangents drawn one to each circle. Shew that the com- 
ponent accelerations in the same directions are respectively, 



du , /I cos d> 
du' 



) 



and _ + ,,„^___^j 

where (Z, V) are the lengths of the tangents, and (<^) their 
mutual inclination. 



CHAPTER IV. 



31. The preceding discussions belong to the domain of 
pure reason ; we have now to introduce the facts of nature, 
and to employ the results we have obtained in the solution of 
actual cases of motion. 

For this purpose the laws enunciated by Newton are 
sufficient, and, once enunciated, the solution of any problem 
concerning the motion of a body or a system reduces itself to 
the integration of differential equations of the second order, 
and the interpretation of the solutions. 

The introduction of the principles of momentum and of 
energy will in many cases enable us to determine the motion 
of a body or a system in a simple manner and without the 
intervention of differential equations of the second order. 

32. A particle of matter is supposed to be a very small 
body, but possessing a sensible mass and capable of being 
acted upon by forces, and, for theoretical purposes, two 
particles are supposed to differ from each other only in the 
case of their having different masses. 

Force is any cause which tends to change the state of rest 
or motion of a particle or a body. The weight of a body for 
instance is the force of the action of gravity upon it, and is 
found experimentally to be proportional to the mass or to the 
quantity of matter in the body. 

Experiments cannot be made with particles, such as we 
have imagined, but experiments made with bodies of various 
shapes and sizes lead to the enunciation of, and belief in 
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the laws of motion as applied to a particle, or to a body of 
any kind ; and the results of theoretical calculations, tested 
by experiment, and applied, on a large scale, to the motions 
of Planetary Bodies, have led to a profound conviction, in 
the minds of students of mechanical science, of the truth of 
these laws. 



THE LAWS OF MOTION. 

33. First Law of Motion. 

If a particle be not acted upon by any external forces, it 
is either at rest or it moves uniformly in a straight line. 

Second Law of Motion, 

Change of motion is proportional to the acting force, and 
is in the direction in which the force is acting. 

Third Law of Motion. 

Action and Beaction are equal and opposite. 

34. With regard to the first of these laws, it is only 
necessary to remark that it is confirmed by the perpetual 
experiences of all ordinary phenomena. 

Any change of mption of a body is seen to be due to the 
action of some force, and the more we can eliminate the 
action of external force the more nearly we find that the 
motion of a body approaches to that of uniform motion in a 
straight line. 

35. The Second Law contains really two distinct state- 
ments. 

The first is the enunciation of the principle of the physical 
independence offerees, namely, that each force produces its 
full eflfect in its own direction. 

To illustrate this consider the case of a ball receiving, 
simultaneously, two impulses in diflferent directions. Sup- 
posing the velocity due to each individual impulse, Wlien 
applied alone, to be known, then the second law tells us that 
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the ball is at once imbued with two coexistent and given 
velocities in given directions, and the motion of the ball, due 
to the two simultaneous impulses, is immediately determined 
by the parallelogram of velocities. 

The second is the quantitative relation between the 
magnitude of the acting force and the change of motion 
produced. 

Definiticms. If m be the mass of a particle and v its 
velocity, the product mv is called its momentum or quantity of 
jaotion, and the rate of change of momentum is mv or m/j if 
/is the acceleration of the particle. 

The asse rtion of the second law is that the mom^ tum 
p i^uced i n__fiQma-jBa yen time is . proportional to the mag- 
n itude oftbe acting force. lf~a constant forC^ P aufeing 
on a body of mass m, produce in the unit of time the velocity 
/, mf is the momentum acquired and therefore 

P oc m/, 

and, if we choose the units so that the unit of mass is that in 
which the unit of force produces the unit of acceleration, we 
obtain P = mf, 

TjT[a_AQTT3f,mn rPA.11y pf^n tains aU the kinetics of a single 
^ar ticle. 

In any case whether the force be constant or variable, 
it is proportional to the momentum which it is capable of 
producing in a given time, or, which is the same thing, to 
the rate of change of momentum, and therefore, in general 

Even if the mass which is acted upon be variable, the 
effect of force upon it is the production of momentum, 
and the measure of the force is the rate of that production, 

so that -^ ^lif ('^'^)> 

or, in other words, force is the time-flux of the momentum , 

36. Impulses, We have spoken of an impulse as an 
action producing velocity instantaneously in a given mass. 
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and such an action is proportional to the momentum which 
is apparently at once produced by it, so that if Q be the 
measure of an impulse producing a velocity v in a mass m, 

Q = mv. 

There is no real diflference between a momentum produced 
gradually and a momentum produced in a very short interval 
of time. 

The application of a powerful time-microscope to the 
latter case would present the appearance of a force gradually 
accumulating momentum, and the final result is that which 
is spoken of as being instantaneously produced 

If P be the measure of a very large and variable force 
acting for a short time t, and producing the momentum mv, 

then mv = I Pdt 






If in any given case we could find this short time t, then 
the mean value of the measure of the force would be mv/r. 

The expression I Pdt, or the time integral of the force, 

is called the impulse of the force, or, briefly, the impulse. If 
the time t be infinitely small, and the force P infinitely large, 
a finite momentum mv may be instantaneously acquired. 

37. In the particular case of the action of gravity, if W 
be the weight of a body, and g the acceleration of a 
falling body, it follows that 

W=mg. 

From this it appears if we take a pound as the unit of mass, 
the weight of a pound is g units of force, so that, g being 
32*2 when a foot and a second are units, the unit of force is 
approximately equal to the weight of half an ounce. This is 
the British absolute unit of force. 

38. Parallelogram of forces. If a particle be acted 
upon by two known forces in given directions, we know from 
the second law that the particle has coexistent, in these direc- 
tions, two known accelerations. 
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The parallelogram of accelerations gives the resultant of 
these two, and therefore it follows that the resultant of the 
forces follows the same law, and the parallelogram of forces 
is at once established. 

39. The angular momentum of a particle about a fixed 
axis is the moment of its momentum about the axis ; and 
therefore, if v be the component, perpendicular to the axis, of 
the velocity of the particle, p the distance between the axis 
and the line of this, velocity, and h the angular momentum, 

h^mvp. 

Now consider the motion of a particle in a plane, and let 
T and N be the acting forces in directions of the tangent and 
normal to its path. 




The time-flux of the angular momentum about the axis 
perpendicular to the plane through the fixed point 

= A = mvp + mvp. 

The first term of this expression, miyp, is equal to Tp 
and represents the moment about the axis of the tangential 
force. 
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During an infinitesimal period of time Bt, the velocity 
has changed to v+&v, and the direction of motion has 
turned through an angle 80, and therefore the change of 
momentum in direction of the normal PZ is m (v + Sv) sin S<f>, 
or mvS(f>, 

Now, if OZ be the perpendicular on the normal 

vSp = V . OZ . S(f>, 

and therefore mvSp = mvSff) . OZ. 

» 

But, N being the normal force NSt is the change of 
momentum in direction of PZ, and therefore 

NSt = mvB(f), or N=mv(j> 

and consequently mvp = inv(f> . OZ = N, OZ^ 

which is the moment of the normal force. 

Hence we obtain 

h^T.OY^-N.OZ, 

that is, the time-flux of the angular momentum is equal to 
the moment of the acting forces. 

In the case of motion in a tortuous curve, or in any 
manner in three dimensions, the same result is true if the 
figure represent the projection, on a plane perpendicular to 
the axis, of the path of the particle. 

Other methods may be adopted to obtain this result. 

For instance, we can transform to polar coordinates, by 
observing that pis = r'S^, each being the double of the area 
of an infinitesimal triangle, so that 

h = mps = mr^d, 

and ^ '^'^dt ^^^^' 

But we know that - -^ (r*^) is the expression for the 

transversal acceleration, and therefore, if Q be the transversal 
force in action, 
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SO that h = Q .r, 

and Qr is the moment of the acting forces. 

If A be the vectorial area, or the area swept over by the 
radius vector, 

and therefore h = 2mA, 

and, A being the rate at which area is being swept over per 
unit of time, h is the product of a mass and an area, and also, 
being a vector, or directed quantity, it can be represented by 
a straight line, and is subject to the parallelogrammic law. 

40. The third law expresses the fact that if two bodies 
act on each other in any way, either by contact, or through a 
connection by means of strings or rods, or by mutual attrac- 
tion or repulsion, the force which one body exerts on another 
is exactly the same in amount but opposite in direction 
to that which the other body exerts on the one. 

Some important theorems are at once deducible from the 
third law, which are of the greatest utility in the discussion 
of the motion of systems of particles or bodies. 

Take the case of a system of bodies, attracting or repelling 
each other, acting on each other by contact for a finite time, 
or by mutual impulse. In this case any momentum which is 
produced or destroyed in any assigned direction is accom- 
panied by the production or destruction of an equal momen- 
tum in the contrary direction. 

Hence it follows that, if no extraneous forces a^t on a 
system of bodies, the total momentum of the system in any 
assigned direction remains constant 

This is the principle of the conservation of linear mo- 
mentum. 

Again the moments of two equal and opposite momenta 
about any straight line fixed in space being equal and 
opposite in direction, it follows that the angular momentum 
about any given axis, which is defined to be the srnn of the 
moments of momenta of all the particles of the system, remains 
constant provided that no external forces act on the system. 
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This is the principle of the conservation of angular 
momentum. 

41. One immediate consequence of the preceding results 
is that if no extraneous forces act on a system, its centre 
of inertia is either at rest or moves uniformly in a straight 
line. 

For if f be the distance from any fixed plane of the 
centre of inertia 

S {m) . f = S {mx)y 

X being the distance from the plane of a particle m. 

This gives 

S(m)^=2(mi?), 

or S (m) . ^ is equal to the total momentum perpendicular to 

the plane, and as this is constant, f is constant; and the 
same thing is true of any other direction. 

42. Again, as any acting force produces momentum in 
its own direction, it follows that the sum of the forces acting 
on a system in any assigned direction is equal to the rate of 
the change, that is to the time-flux, of the total momentum 
of the system in that direction; and that, for impulsive 
actions, the sum of the impulses in any direction is equal to 
the immediate change, in that direction, of the momentum of 
the system. 

Further, since the aggregate of the forces which are at 
any instant acting on the particles of a system have for their 
resultant the system of extraneous acting forces, the moments 
of these two systems about any fixed axis are equal. 

But the former are producing changes of angular mo- 
menta, and their moments about the fixed axes are equal to 
the rates of change of the angular momenta of the particles. 

Therefore the sum of the moments, about any fixed axis, 
of the extraneous acting forces is equal to the rate of change, 
that is, to the time-flux, of the angular momentum of the 
system about that axis. 
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For impulsive actions, the sum of the moments of the 
extraneous impulses about any fixed axis is equal to the 
immediate change in the angular momentum of the system 
about that axis. 

43. We now see that the principle of the conservation of 
angular momentum, as stated in Art. (40), should be, nacre 
generally, given as follows. 

If the extraneous forceSy acting on a system, have no 
moment about a given axis, the angular momentum of the 
system about that axis remains unchanged, 

44. These principles of motion, which are derived im- 
mediately from Newton^s laws, constitute the whole of the 
Kinetics of a system. 

If Q be the linear momentum of a system in any 
direction, and P the sum of the acting forces in that 
direction, the connecting equation is 

(J = P. 

If H be the angular momentum about any assigned axis, 
fixed in space, and L the sum of the moments of the acting 
forces about that axis, the connecting equation is 

For impulsive actions, the corresponding equations will 
be, if Q\ H' be the new values of Q and H, 

g-Q = K, and H'-H=0, 

K and being the sums, in the directions considered, of the 
impulses and impulsive couples. 

It will be seen that linear momentum and angular mo- 
mentum are quantities of the nature of vectors ; that is, they 
can be represented by straight lines, and are subject to the 
parallelogrammic law. 

45. A rigidjbody^is considered to be an aggregation of 
"Ji^ ' particles, or molecules, bound together by the forces of 
internal mutual attractions which are in all cases equal and 
opposite. 

It follows therefore from the preceding articles that the 
linear and angular momenta imparted to a rigid body by any 
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extraneous forces are independent of the shape, size, or 
nature of the body, but depend only on the acting forces ; 
and.hence that the motion of the centre of gravity of a body 
is the same as if it were a single particle into which is 
concentrated the mass of the body, and the rotation of 
the body about the centre of gravity is independent of the 
motion of that point, and depends on the moments, about 
axes through it, of the acting forces. 

46. We can now state, in general terms, the principle 
embodying the preceding discussions. 

The forces aflFecting the particles of a body or system of 
any kind, are the extraneous acting forces, and the internal 
forces, due to mutual pressures, or to mutual repulsions or 
attractions, and these systems together are the exact equi- 
valents of the system of time-fluxes of momenta. 

But the system of internal forces, which is made up of 
sets of equal and opposite forces, has no resultant, and there- 
fore it follows that 

The system of time-fiuxes of momenta is the exact 
equivalent of the system of acting forces. 

47. Energy is cap ft^ity fnr doing vjc\r\^ and a system may 
possess energy of motion, or energy of position, or both, the 
former being due to the relative motions of the bodies which 
constitute the system, and the latter to their relative posi- 
tions. 

The energy of motion is called Kinetic energy and is 
measured by the expression ^ 2 {m'^)y v being the velocity of 
a body, m, of the system. 

As applied to a single particle in a field of force, if P be 

1 ' o T\ (^v ds dv d , «v 

the acting force, ^ = wv=7n-T--i- = mi;-7- = ^, \mv), 

so that force is measured by the space-flux of the kinetic 
ener^ 

The energy of position, or the Potential energy^ of a 
system is the work which it is capable of doing in virtue of its 
configuration, that is, the relative position of the bodies of the 
system, or it is the work which has been expended upon it 
in moving it from a certain defined configuration to its pre- 
sent configuration, it being understood the work done by 
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49. For a single paxticle, since P = mv, we obtain 

Pv = mvv = i--r. (wv*). 

Since v = «, the left-hand member of the equation re- 
presents the rate at which work is being done, and the right- 
hand member is the rate of increase per unit of time, or 
the time-flux, of the energy. Hence it follows that t he work 
done in any time mesj bhe change_of^etic energdunng_ 
that til 

Further it follows that, in a conservative system, that is^ 
in a syste m in which there is no transform ation i nto heat o r 
other forms of energy , the change in the kinetic energy 
of the system is entirely due to, and is measured by the work 
done by the acting forces. 

Internal friction, collisions and explosions may produce or 
destroy energy, but, in what we have called a conservative 
system, such modes of developing or losing energy are not 
supposed to exist. In fact, from a mechanical point of view, 
forces of the character referred to are of the nature of forces 
extraneous to the system, by means of which the total energy 
of the system may be increased or diminished. 

50. In the chapter of the Prindpia on "Axiomata 
sive Leges Motus," the concluding paragraph, which is often 
quoted in support of the Law of Energy as a fundamental 
law is the following : 

Nam si sestimetur agentis actio ex ejus vi et velocitate 
conjunctim; et similiter resistentis reactio sestimetur con- 
junctim ex ejus partium singularum velocitatibus et viribus 
resistendi ab earum attritione, cohaesione, pondere, et ac- 
celeratione oriundis ; erunt actio et reactio, in omni instru- 
mentorum usu, sibi invicem semper aequaJes. Et quatenus 
actio propagatur per instrumentum, et ultimo imprimitur 
in corpus omne resistens, ejus ultima determinatio determi- 
nationi reactionis semper erit contraria. 

This passage really shadows forth the principle of energy 
in its modern form, and indeed states the principle as far as 
it could be stated at the time when the Prindpia was 
written. 

B. D. -4 
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It was not until Count Rumford began to make obser- 
vations, and to draw inferences from his observations, followed 
by a host of other investigators, that the principle of energy 
presented itself in the form which now renders it the one 
"principle of the greatest utility in the discussion of natural 
phenomena. 

T he magnificent intuition, which forms the opening 
Chapter of the Mecanique Analytique, and is the basis of 
operations of that great work, is, in effect, only a particul ar 
case of the general principle of energ y. 

51. The preceding discussions of this chapter are 
sufficient for the purposes of the present treatise ; but for 
elaborate accounts, historical and critical, of the laws of 
motion and the science of energy, the student will consult 
the Natural Philosophy of Sir W. Thomson and Professor 
Tait. 

The student will find valuable expositions of the same 
ideas, from elementary points of view, in Matter and 
Motion by the late Professor Clerk Maxwell. 

Formation of the equations of motion of a particle. 

52. We hence see that the solution of any problem on 
the motion of a particle depends upon the equation 

If Xy y, z be the coordinates of a particle referred to 
three fixed axes, and mJST, mY, mZ be the component forces 
parallel to those axes, then, since the acceleration in any 
direction is entirely due to the resultant force in that 
direction, the equations of motion are 

mx = mX, my = mT, mz=^mZ. 

If the axes are in motion about the origin, the equations are, 
dividing by m, 

u — v^, + w9^ = X 

V -wO^ + ue^^Y 

w-uO^ + vd^^Z. 

If we refer to the tangent, the principal normal and the 
binormal, the equations are 

P 
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the forces in the respective directions being, mS, mN', and 
If we use cylindrical coordinates, the equations are 

mli, mT, and m^ being the forces. 

And, if we use any other system of representing the ac- 
celerations the equations are formed in the same manner. 

The integration of these equations, and the determination 
of the constants of integration by means of the initial 
circumstances of motion, constitute the solution of the 
question under discussion. 

63. Equations of motion of a system of 'particles. 

The inferences which have been drawn from the laws of 
motion, when expressed in mathematical forms, give the 
equations of motion of a system. 

Thus if m be the mass of a particle of the system, whose 
coordinates are Xy y, z^ the rates of change of momenta 
parallel to the axes, sometimes called effective forces, are 
mx, my, and m'z. 

We have shewn that the system of these quantities is 
exactly equivalent to the system of acting forces. 

If then X, F, Z, be the sums of the acting forces resolved 
parallel to the bsJ^, and L, M, N, the sums of the moments 
of these forces about the axes, we at once obtain 

XmM = Xy %my = F, ^mz = Z, 

2w (j/'z^zy) = Z, Swit {zx — xz) = JIf, 2wi {xy —yx) = N, 

As in the case of a particle these equations can be 
presented in various forms, and in a subsequent chapter 
some of their applications and developments will be con- 
sidered. 

At present they are placed on record, as being immediate 
consequences of Newton's Laws of Motion. 
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CHAPTER V. 



RECTILINEAR MOTION. 



54. The simplest case of motion is that of a particle in 
a straight line under the action of forces in that line, and the 
equation of motion in that case is 

If the force be constant and equal to mfy 

X =f and X =Ji + u, 
u being the initial velocity. 

Integrating again, x = \JV 4- w^ + a, if a be the initial 
value of X, 

The equation may also be written in the form 

dv - 

leading to t;* = w" + 2/i?. 

55. Motion of two weights connected by a fine string 
passing over a smooth fixed pulley. 

If m, m' be the masses, ^ the tension of the string and x 
the distance of m from the pulley, 

mx = mg — T, 

and similarly a — a? being the distance of the other weighty 

— w!x = m'g - T. 
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Solving these equations we find that 

56. Motion of a particley initially at rest, ousted upon 
by a force to a fixed point varying as the distance front that 
point. 

If the force be mfix, the equation of motion is 

00 = — fix 

or x + fjLx = 0, 

the solution of which is 

a? s= -4. cos J fit + B sin J fit, 
this gives 

x^ — A JfjL sin JJit-\- B Jfjb cos J fit. 

If initially x = a, and x=0; then 5 = 0, 
^^^ a? = a cos J fit 

The interpretation of this equation is that the particle 
oscillates through the centre of force between the positions 
x = a and a? =s — a, the time of a complete oscillation being 

If we multiply the equation of motion by 2x and integrate, 
we obtain ic* = /* (a* — a^, 

shewing as before that the velocity vanishes when a? = ± a. 

If the force be repulsive the equation of motion is 

X = fix, or ai — /Lta; = 0, 
leading to 

a? = ^€^'^ + 5€"^, 

this gives 

x^tJfiAe —JJiBe **> 
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and introducing the initial conditions we find that 

a=^A + B, andO^> = ^-5,. 



so that 



a? = I (eVf^ + €"^'^0= a cosh .JiL.t 



As before we can obtain the velocity at once in terms of 
the distance from the equation, ic' = /a (i* — a'}. 

67. Motion of a particle, initially at rest, under the 
action of a force varying inversely as t/ie square of the 
distance from a fixed point. 

In this case, the force being supposed attractive, a? = -- /la;"*. 
Multiplying by 2x, and integrating, we obtain 

^^ = 2^(a?-*-a-^), or ^ = ±-1=^/1^ 

where a is the initial distance of the particle from the centre 
of force. 

Assuming that the motion is towards the centre of force, 
we must take the negative sign, and we then have 

a a 



/ 



X — 



X 



2 



^dt ^ _ ^___ 

a dx tjax — x^ ijax — a^ J ax — of 

V a '^^^ "^2^^® "~^~' 

when f = 0, a? = a, and . •. (7=0, 



and 



and 



= sItX^ 



^+ 



a ». 2a? — a) 

-cos k 

2 a ) 



Putting a? 8=0, we obtain the time from the initial 
position to the centre of force, which is 



2 V 2]i- 



2 V 2/A 

At this point the velocity is infinite, and, as the particle 
passes through the centre of force, the direction of the 
force changes, and the motion of the particle is retarded. 

Imagine now that the particle is projected away /row the 
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origin at the initial distance c (less than a) with the velocity 

The equation of motion is the same, and we obtain 
Initially a = c and x = jj2fi (c"* — a"*); 

X* = 2|* (a?"' - a"'), 

and ^ = V2/A {x'^ — a"^), 

taking the positive sign as the motion is outwards. This 
shews that the motion is exactly reversed, and that the 
particle will traverse the distance from a? = c to x = a and 
then come to rest, the time being exactly the same as in the 
inward motion from a? = a to a? = c. 

This is an instance of Mechanical Reversion, and hence it 
appears that the particle, in the first case, on arriving at the 
centre of force, will pass through and repeat its previous 
motion in exactly the reverse order, and thus perform 
complete oscillations in the time 

68. We have found that in the case of Art. (56), the 
time to the centre of force is independent of the initial 

distance, and, in the case of Art. (57), is proportional to a*. 

The consideration of dimensions e nables us to predict 
each of these results. * 

In each case, if a be the distance and fi the acceleration 
at the unit of distance, the time must depend upon a and fi. 

In the first case, if we assume that t oc a^fi^, and observe 
that f is of no dimensions in line, and that, fix being an 
acceleration, fi is of no dimensions in line, and of — 2 
dimensions in time, we see that 

^ = and 1 = — 2g, 
so that t (X -1= and is independent of the distance. 
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In the second case /x is of three dimensions in line, since ~ 

or 

is an acceleration, and therefore 

p + Sq = 0, and l^-2q, 

so that < a --=1 . 

Conversely, if the time to the centre be independent of the 
initial distance, and depend only upon fi, and if we assume that 
the force is proportional to some power of the distance, say the 
n*^ power, then, fiaf representing an acceleration, which is of 
one dimension in line, and fi being a function of the time only, 
it follows that n = 1, so that, if the force vary as some power 
of the distance, the only possible law is that of the direct 
distance. 

59. Motion of a particle initially at rest under the 
attraction of a solid sphere, the particles of which attract 
according to the law of nature. 

If II be the mass of the sphere and m the mass of the 
particle, the force on the particle when outside at a distance 
r is mfir'^f and the case is therefore solved in the preceding 
article. 

If however the particle, on arriving at the sphere, te 
supposed to enter into a fine straight tube, in the line of its 
motion, passing through the centre, the force at the distance 
r, less than the radius of the sphere, is 

g7r/)r-7-r', orgTTpr, 

p being the density. 

This being proportional to the distance the motion inside 
the sphere is determined as in the case of Art. (56). 

If the tube extend through the sphere, it will be found 
that the time of a complete oscillation is 



*l^/|-v^y^>-^/^""-v/,,4 
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where a is the radius of the sphere, and b the initial distance 
of the particle from the centre of the sphere. 

60. Motion in a straight line, in which a centre of force, 
the attraction to which varies a^ the distance, is moving with 
a given constant acceleration f. 

If the original position of the centre of force be taken as 
the origin, the equation of motion is 

i? = -/i(a?-i/i?), 
or, if a? — i^ff = r, 

r+f^ — fir, or r + filr 4."^j = 0, 

the solution of which is 

r + - = -4. cos JuJi + B sin Jld. 
A* 

Introducing the initial conditions, we find A and B, and 
thus determine x in terms of the time. 

61. Motion of a heavy particle, suspended from a fixed 
ir point hy an elastic string. 

If X be the length at the time t, and T the tension, 
the equation of motion is 

X ■" a -m-^ 

mx = wigf — T^^mg-^X , by Hooke's Law, 

a 



or 



ma\ A / 



whence x — a — — ^=: Acoa^^/ — ^ + J? sin a / — t 

\ V ma ^ ma 

Suppose that initially the particle is held at the distance 
a, the natural length of the string, and then let go ; that is, 
when ^ = 0, let a? = a, and x== 0, then 



« = a + ^ 

At 



(1-C0S>V t). 

\ ^ ma J 
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This shews that the particle descends through the space 
2a -—^ , and then rises again to its initial position and 
continues to oscillate^ the time of a complete oscillation being 

The range of oscillation can be obtained at once by 
the principle of energy, for the particle will fall until the 
gain of potential energy developed by extension is equal to 
the loss of potential energy due to the fall. 

Now the potential energy of a stretched elastic string 

= J (Tension) (Extension), 

and therefore, i£ zhe the total fall, 



*(^3'- 



•^'■— ^? 



62. Fall of a heavy particle in a resisting medium 
when the force of resistance is proportional to the velocity , 

Measuring x downwards the equation of motion is 

which gives x-\rhx^gt^ 

if the particle fall from rest, 

and.-. ' xi'^jgte^dt, [Chap, ii.] 

taking a; = 0, when ^ = 0. 

Hence ^"^l-f^"**' 

and, if t increase indefinitely, ^ = t • 
This is called the terminal velocity. 

63. Fall of a heavy particle in a medium, the resistance 
of which varies as the square of the velocity. 
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Measuring x downwards the equation of motion is 

t;^ =^ - Jb«, or ^' + 2^» = 25r, 
ax ^ ax 

from which v' e^ = | e"** + C, [Chap. II.] 

and, choosing the origin so that v = when a? = 0, 

t;« = |(l-6-'**). 

In this case the terminal velocity is a/ ^ . 

from which we obtain. 

Or we may use the equation, 
which leads to 



^/\ 



-X = 



and gives the same value of a? as before. 

64. Motion of a heavy particle projected vertically up- 
wards in the same medium. 

In this case, measuring x upwards, 

dv , a 

Integrating and taking u as the initial velocity. 



—9kx 
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shewijag that the particle rises to the height 
Further Aw* = (gr + ;fcw')€"***-^, 

— €^ 

.'rjkg . t = sin"* i , — sin"* 



which gives 

€**= Y^ - . wsin (Jkff . t) + cos (Jkg . t), 

if 

Or, starting from the equation v = — ^ — iv', we obtain 

- 7^ < = tan- (» y^) - tan-* (« ^/^ , 

and therefore 

/k _ 

^ /^ ^9 "^ ^' ujk cos Jk g.t—Jg sin V% . t . 

'^^ l+«y^tan^/^.^^^^^*"^•^+^'^^^•'' 

giving the same value of a? as before. 

X 65.-4 particle moves from rest, in a mediv/m the resistance 
' of which varies as the square of the velocity, under the action of 
a force to a fixed point varying as the distance. 

In this case 

dv J ^ 
v-j- =kv — fix, 

and therefore 

observing that v = when a? = a. 

66. Motion of a piece of uniform chain in a straight line, 
under the action offerees in that line. 

Taking a fixed point in the line, let x be the distance 
from of one end A of the chain and take r as the distance 
from J. of a point P of the chain. 
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The motion of the element PQ (Sr) depends upon the 
tensions at F- and Q and the acting force. 

If m be the mass of unit length, the mass of the element 
is mSr, and if mBrX be the force acting upon it, the equation 
of motion is 

mSr . i? = ST+ mBr . X, 

taking T as the tension at P, and observing that the accele- 
ration of every point of the string is the same as that of the 
point A, 

Integrating this equation over the length of the string we 
shall obtain an equation for determining x in terms of the 
time. 

Suppose for instance that the force is repulsive and varies 
as the distance from the point 0, or that 

X=/Lt {x+ r). 
Integrating, 

mrx= T+ nifi (rx + 9 ] + C^> 
and, observing that T=0, when r = and when r = a, 

the solution of which is the same as in previous cases. 

Substituting for x we find that 

T=^mfir (a — r). 

67. Direct impact of elastic balls on each other. 

If two elastic balls impinge directly on each other, that is, 
if the line joining their centres be the line of motion of each 
ball, the effect of the impact is an immediate change in the 
momentum of each ball. 

But, since action and reaction are equal and opposite the 
momentum added to one ball is equal to that which is lost 
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by the other so that the total momentum remams un- 
changed. 

This gives one equation of motion. 

For another we appeal to experiment; and assume the ex- 
perimental law that, if e be the coeflScient of elasticity, the 
relative velocity of the two balls after impacf is reversed in 
direction and is to the relative velocity before impact in the 
ratio of e to unity. 

Hence if the ball m impinge with velocity u on the ball 
m' moving in the same direction with velocity u'y and if 
V and v' be the velocities after impact, both measured in the 
same direction as before, we have the equations, 

mv + mV = mu + m'u\ 

t;' — t; = e (m — w'), 

from which we obtain 

(m + TYi) v' = w (m + evn) + u (m' — em), 

{m + m') V ==u(m — emf) + u {rn + em!). 

It is worth mentioning that, in all cases of the impact of 
elastic bodies, energy is lost by impact ; if the elasticity be 
perfect, that is, if 6 = 1, no energy is lost. 

If two elastic balls impinge obliquely on each other, all 
that is necessary is to resolve the velocities parallel and 
perpendicular to the line of centres ; the motions perpendi- 
cular to the line of centres are unchanged, and the preceding 
equations determine the changes of motion along the line 
of centres. 

68. In the case of Art (55), it is required to examine 
the effect of suddenly attaching a weight, mass fi, to any point 
of the ascending string. 

The mass /x, having no momentum before it is attached, 
acquires momentum instantaneously, and if m be the 
descending body its motion is suddenly checked, while the 
portion of string between /x and m' is slackened and m' rises 
freely. 
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If u be the velocity with which the two are moving at the 
instant before /a is attached, and u immediately afterwards, 

(m -{- fi)u = mu, 
since the momentum in the direction of motion is unchanged. 

The impulsive tension Q of the string is given by the 
equations 

w (w — w) = ■*- Q, jjAi' = Q, 

the eflfect of the impulse on each body being change of 
momentum. 

Subsequently, if t be the time which elapses before the 
lower string becomes tightened, 

this determines t, and therefore determines the velocities of 
m and of fi and m at that time. 

A jerk then takes place, and the momentum of the 
system in direction of motion remaining unchanged the new 
velocity is at. once determined and the subsequent accele- 
ration is 

wi — /A — m' 

W + /A + ^ ' 

69. A straight piece of uniform chain lying on a smooth 
horizontal table receives at one end a given impulse in direction 
of its length ; it is required to determine the motion and the 
impulsive tension at any point. 



B > J>« 

Let m be the mass of the chain, and a its length ; then if 
V be the velocity produced by the irnpulse, 

Q = mVf 

and, if T be the impulsive tension at a point P, 

T = m — v, 
a 

for the mass of BP is set in motion by the impulse T. 
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70.' A heavy uniform chain is suspended by one end above 
a horizontal table, ita lower end being just above the table ; if 
it he allowed to fall, it is required to find the pressure on the 
table. 

We bare seen that force ia measured by the rate of pro- 
duction, or destruction, of momentum. 

As the chain falls, the table i-eceives an infinite number 

of infinitely small impulses, and the result is that a finite 

J pressure is produced, which, added to the weight of the 

L coiled up at the instant considered, gives the pressure 

table at that instant 

len a length x has been coiled up, the velocity is J2gx, 
lerefore the portion coiled up in a small time tt is 
X, and the momentum of this portion, which is de- 
1 in the time ht, 

a ^ a ' 

ig the mass of the chain and a its length. 

nee momentum is being destroyed at the rate of 2Mff - 

it of time ; and therefore, adding the weight of the coil, 
assure on the table is three times the weight of the coiL 

One end, B, of a heavy uniform chain hangs over a 
pulley A, and the other is coiled up on a table at C ; if 
)onderate it is required to determine the motion and the 
<.atC. 

is easily seen in this case that all internal tensions 
lise each other, and that the momentum of the system 

direction of motion is due to the external forces acting 
: system in that direction, that is to gravity, and the 
>n of the table. 

is reaction is equal to the weight of the coil oa the 
uid the resulting force in direction of the motion is the | 
nee of the weights of the two straight portiona of 
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If AC = a, and AB=^x, and if v be the velocity, the 
momentum =fi{x + a)v, fi being the mass of an unit of 
length; therefore 

j^{{x + a)v}=g{x-a), 

or, since 7/7 ~ ^» (x + a) v -r- + 'tr =^ g {x — a), 

the integral of this equation is 

the constant being determined by initial conditions. 

If for instance a;= a, initially, that is, if a; be just greater 

4 
than a, (7 = Q ga^, 
o 

(x + ayv* = ^{x-ay(x + 2a). 

Also, (the tension at C) x St = momentum generated in the 
time St by the action of the tension 

= (fivSt) V ; 

therefore tension = /iv'. 

Or, we might have arranged the process thus : 
calling the tension T, 

is the equation of motion of the portion of chain GAB, 
and, as above, T= iiv^^ 

72. A spherical raindrop , as it falls, receives continually 
by precipitation of vapour, an accession of rnass proporticmal 
to its surface ; neglecting the resistance of the air, it is re- 
quired to determine its motion. 

If a be the initial radius, and e the thickness of the shell 
deposited in the unit of time, the radius (r) at the time t 

= a'\-et. 

B. D. 5 
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Hence the momentum at the time t 

= |7r/5 (a + ety V, 

and -j.-{i''rpa-¥ et\^v)=g.^7rpa'\'et\*f 

J XT. i* dv , Sev 

and therefore ,- H ; = a, 

dt a + et ^ 

and v = ~-\a + et''/ 



4e ( {a + ety 

This article and the two preceding were published in 1873, 
in a paper in the Mcdhematical Journal for that year. 

73. Fall of snow dovm a sloping roof. 

Imagine the snow to be just supported by friction or 
adhesion, and that a very slight downward impulse is given 
to the top line of the snow just below the ridge of the roof. 

In that case the snow will slide down from the top and 
gradually set the whole in motion. 

Take h as the breadth in motion^ and m a^ the mass of 
unit area ; 

then, neglecting the friction on the mass in motion wbich 
is practically very slight, the equation of motion is 

-7 (mbxx) = mbxg sin a, 

or ^ wx + d!^=gx sin a, 

which gives x^ = ^gx sin a, 

and shews that the acceleration is one-third of that of a mass 
sliding freely. 

74. The equilibrium and motion of a heavy ball, supported 
by a vertical jd; of sand. 

We shall consider the case of a cylindrical homogeneous 
jet, supporting the ball symmetrically, and assume that the 
reflected particles of sand do not interfere with the ascending 
particles. 
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The weight of the ball will be equal to the rate at 
which momentum is being destroyed, or created in a reversed 
direction, when resolved vertically. 

In other words the weight will be equal to the resultant, 
which is clearly vertical, of the negative time-fluxes of the 
momenta. 

We shall assume that the velocity of the jet is consider-^ 
able, so that we may neglect the changes in the velocities of 
its particles due to the action of gravity. 




If m be the mass of the unit of volume of the sand, and u 
its velocity, the quantity which impinges on an elementary 
zone in the time c^ is 

m . 2ira sin ^ . a cos 6hd . uZt, 

and the normal component of the momentum of this quantity 
of sand is 

^irmd^u^ sin cos* OhOht 

Multiplying this by 1 + e, where e is the coefiicient of 
elasticity between the ball and the sand, we shall obtain the 
quantity of motion created in the normal direction outwards 
round the zone, and, dividing by 8^, we then obtain the 
negative time-flux of the momenta, which is the pressure on 
the ball. 

5—2 
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The last result, when multiplied by cos^, will be the 
resultant vertical pressure on the zone, and, if the breadth of 
the jet subtend an angle 2a at the centre of the sphere, and 
M be the mass of the sphere, it follows that 

Mg = J rrma^u^ (1 + c) (1 — cos* a). 

If the ball be in motion, suppose that, at any instant its 
vertical velocity is v ; then the equation of motion of the 
ball is 

Mi) = J irmc? (u — vY (1 + e) (1 — cos* a) — Mg, 

dv q fc% 9\ 



Integrating we obtain 



gx 



2w-v = Ce'*"; 

and, if we suppose the ball to start upwards with a velocity 
t/, it will have its velocity destroyed after ascending through 
the space 

g ^2u-v* 

and will then be under conditions consistent with equi- 
librium. 

The time in which this takes place is obtained by inte- 
grating the equation 

and the theoretical result is that an infinite time must elapse 
before the ball absolutely loses its velocity. 

The simplest method of illustrating the idea of this article 
is to employ a jet of water. The ball rises and falls inter- 
mittently, and is occasionally at rest for a sensible time. As 
in the case imagined of a jet of sand, the pressure is due to 
the rate of destruction, and of creation in the contrary direc- 
tion, of the momenta, in directions perpendicular to the 
surface of the sphere, of all the elementary cylindrical shells 
which constitute the impinging stream. 
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EXAMPLES. 

1. A smooth wedge on a horizontal plane is moved from 
rest with an uniform acceleration; find the direction and 
amount of the acceleration that a heavy particle placed on 
its inclined plane surface may be in equilibrium relative 
to it. 

If the acceleration be given, find the motion of the 
particle, supposed initially at rest, upon the inclined surface. 

2. Particles slide from a fixed point down rough planes 
to points in the surface of a cone, whose axis, passing in 
direction throughi the point, is vertical, and vertex upwards., 

Shew that, if the vertical angle of the cone = 2 tan"^ - , 

the particles will all have the same velocity on arriving at 
the cone. 

3. Give a geometrical construction for determining the 
straight line of quickest descent of a heavy particle from a 
given point to a given curve. 

If the curve be a conic, with its vertex upwards, the 
length of the line of quickest descent from the focus to the 
curve is equal to the latus rectum. 

4. Determine the motion of a particle, initially at rest, 
under the action of a force to a fixed point varying inversely 
as the cube of the distance. 

5. A train goes from one station to another a mile off, 
being uniformly accelerated from rest in the first two-thirds 
of the distance, and being brought to rest by uniform 
retardation in the remaining one-third of the distance, and 
taking 3 minutes to perform the journey. Find the ac- 
celeration and retardation and the maximum velocity ac- 
quired. 

6. A hyperbola is placed in a vertical plane with its 
transverse axis horizontal; prove that when the time of 
descent down a diameter is least, the conjugate diameter is 
equal to the distance between the foci. 
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7. Find the locus of points from which inelastic particles 
may be let fall on a smooth inclined plane, so as always to 
have the same velocity on arriving at the same horizontal 
line in the plane. 

8. Two equal weights are fastened to the extremities of 
a string and are then hung over two small smooth puUies 
A, B which are in the same horizontal line. If a third 
equal weight be fastened at the middle of the horizontal 
portion AB of the string, shew that it will descend a distance 
equal to two-thirds of AB, and find the velocity in any 
position. 

9. Two bodies, 2P and P, are connected by an in- 
extensible string, which passes over a fixed smooth pulley ; 
determine the motion and the tension of th'e string. 

If, after the motion has gone on for one second, another 
body P, having no velocity, be suddenly attached to the 
descending body 2P, determine completely the subsequent 
motion of the system. 

10. Two elastic balls impinge obliquely, so that their 
directions of motion are interchanged : prove that the 
product of their velocities is unaltered, and that if their 
masses be equal their directions make equal angles with the 
line of impact and that their velocities are unaltered. 

11. In an Atwood's machine, if the string can only bear 
a strain of one-fifth of the sum of the ^^ eights at its two ends, 
shew that the larger weight is not less than 13 times the 
smaller weight, and that the least acceleration possible is 



y 



3 

- a. 



12. If two elastic balls impinge on each other with 
equal and opposite momenta, their kinetic energy will be 
reduced in the ratio 6* : 1. 

13. A particle is projected in a resisting medium 
towards a centre of attractive force which varies as the 
inverse cube of the distance : the resistance of the medium 
varies as its density and as the square of the velocity, the 
density varying as the inverse cube of the distance from the 
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centre: prove that the particle's velocity on reaching the 
centre is independent both of its initial distance and of its 
initial velocity. 

14. A particle starts from rest at a distance b from a 
fixed point, under the action of a force through the fixed 

point, the law of which at a distance x is fjull j towards 

the fixed- point when x is greater than a, but /xf-^ — j 

from the same point when x is less than a : prove that the 

6* — a* 
particle will oscillate through a space — r — . 

15. In a single moveable pulley when there is equi- 
librium the power and the weight hang by vertical strings; 
the weight being doubled and the power being halved, prove 
that the tension of the string will be unchanged. 

16. If in the second system of puUies there are n strings 
at the lower block, prove that the upward acceleration of W 
due to a power P will be 

n'P+W'^' 

If when W has an upward velocity v, the weight P reach 
the ground, prove that there will presently be upon the 
string an impulsive strain 

nPWy 
n'P+W' 

17. A series of n elastic spheres whose masses are 
1, e, e^, &c. are at rest, separated by intervals, with their 
centres on a straight line. The first is made to impinge 
directly on the second with velocity u. Prove that the final 
kinetic energy of the system is ^ (1 — 6 + e") ^^^ 

18. Two weights P and Q, connected by a string passing 
over a smooth pulley, are held at a distance c above a hard 
inelastic horizontal plane and let go. After a series of 
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impacts by the heavier weight P on the plane, the system at 
length comes to rest. Shew that the whole time of motion is 



w^g • V 



Q s 

19. Two balls, of elasticity e, moving in parallel direc- 
tions with equal momenta, impinge; prove that, if their 
directions of motion be opposite, they will move after impact 
in parallel directions with equal momenta; and that these 
directions will be perpendicular to the original direction 
if their common normal is inclined at an angle sec*^ (1 + e) 
to that direction. 

20. Prove that, in order to produce the greatest de- 
viation in the direction of a smooth billiard ball of diameter 
a by impact on another equal ball at rest, the former must 
be projected in a direction making an angle 






— e 

sm 



with the line (of length c) joining the two centres ; e being 
the coeflScient of elasticity. 

21. A ball A strikes directly a ball B at rest, B strikes 
directly C at rest and is then again struck by -4 ; if -4 
is reduced to rest and B and C move with equal velocities, 
prove that 

A:B :C::S: 1:2, 

all the balls being perfectly elastic. 

22. Three balls of masses ^, jB, C are at rest with 
their centres in a straight line; if A be projected towards 

B, shew that there will be four impacts if — ^^ — -.-vy 

, 1 + e^ , , ,, ./^.. . 1+e* , 1 + e + e* 
be < -g, , and only three if it be > — « and < , 

and only two if it be > . 



• RECTILINEAR MOTION. 73 

23. A weight P hanging vertically just supports a 
weight W in that system of puUies in which there is only 
one string. Shew that, neglecting the masses of the puUies, 
if P and W be interchanged their centre of gravity will 
descend with an acceleration 

W'-WP+P"^' 

24. If the weight (P), on a wheel and axle, suspended 
from the wheel preponderate over the weight ( W) suspended 
from the axle, prove that the acceleration of P is 

^ b'W+a'P ' 

where a and b are the radii of the wheel and axle, the inertia 
of the wheel and axle being neglected. 

If an additional weight (w) be suddenly attached to W, 
find the impulsive tensions of the two strings. 

25. Two trains of equal weight are being drawn along 
smooth level rails by engines, one of which exerts a constant 
tractive force, while the other's rate of working is uniform. 
Prove that if their velocities at two instants are equal, the 
second train moves through the greater distance during the 
interval between the two instants, and that they are working 
at the same rate, at the end of half this interval. 

26. Two given points are in the same vertical line; 
shew that the locus of the points in a vertical plane through 
them, from which the times of descent to the two points are 
the same, is a rectangular hyperbola. 

Shew also that, if two equal circles be in the same 
vertical plane, the locus of the points from which the times 
of shortest descent to the circles are the same is a rect- 
angular hyperbola. 

27. A particle moves in a straight line under a centre of 
attractive force fi^r in that straight line ; if it be initially at a 
distance c from the centre of force and be projected in the 
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straight line with velocity V, shew that it will arrive at 
the origin in a time equal to 

- sin 



28. A cycloid has its base horizontal and vertex up- 
wards; prove that the time of falling down any radius of 
curvature is jconstant. 

29. The mean time of descent down a given inclined 
plane of unknown roughness is equal to twice that down 
an equal smooth plane, all coefficients of friction, for which 
motion is possible, being considered equally probable. 

30. A heavy particle is attached by an elastic string to 
a fixed point on a smooth horizontal table; the particle is 
drawn out along the table till the string is double its natural 
length (a) and it is then let go; find the velocity of the 
particle in any position and shew that it will return to 

the starting point after a time = 2a/ - (tt + 2) : the modulus 

of elasticity of the string being equal to the weight of the 
particle. 

31. Two equal particles which mutually repel one an- 
other with a force varying as the distance between them are 
connected by a light elastic string; find the condition that 
the motion may be oscillatory ; and assuming that the par- 
ticles would rest in equilibrium with the string stretched to 
twice its natural length find the amplitude of the oscillation 
if the particles just meet. 

32. Two particles start simultaneously from the same 
point and move along two straight lines, the one with 
uniform velocity, and the other from rest with uniform 
acceleration. Prove that the line joining the particles at any 
time is always a tangent to a fixed parabola. 

33. An infinite number of particles are arranged along a 
curve; they move normally to the curve with velocities 
which are always proportional to the perpendicular from the 
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origin on the tangent to the locus at any instant. Prove 
that they will always lie in a similar curve with the origin 
for a centre of similitude ; and that if they move so as to ap- 
proach the origin, they will reach it together after an infinite 
time. 

34«. ABCD is a smooth tube in a vertical plane bent up- 
wards at B and CyBG being horizontal, and the angles ABC, 
BCD, being equal and obtuse. An inelastic particle slides 
from a given point in AB. Find the time it will take to 
reach its highest position in CD; and if this time be equal to 
that of the next similar stage of motion, and angle ABC = 135", 
shew that the original vertical height of the particle above 
BC^^^BC. 

35. A smooth circular hoop, radius a, rests on a smooth 
horizontal table; a small spherical mass is projected in any 
direction from the centre of the circle with velocity v : prove 
that the whole time that elapses until the Tith impact is 

where e is the coefficient of elasticity. 

Also find the ultimate velocity of the ring and sphere 
after an infinite time. 

36. An elastic string is extended between two fixed 
points to double its natural length, and a particle of mass m 
is fastened to the middle point of the string. If the particle 
be drawn towards one of the fixed points through half its 
distance from that point, ^d then let go, find the greatest 
velocity which it subsequently acquires. 

If a be the natural length of the string, prove that the 
time of a complete oscillation is irjma -r- J\. 

37. A particle is placed initially at a distance a from a 
centre of force the attraction to which varies inversely as the 
distance; prove that the time of arriving at the centre of 



force is aA/g- 



2/x* 
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38. The upper extremity of a piece of chain^ hanging 
vertically is made to move upwards, with a given acceleration ; 
find the tension at any point of the chain. 

39. An endless elastic string, modulus \ and natural 
length 27rc, is placed in the form of a circle on a smooth 
horizontal plane, and is acted upon by a force from its centre 
equal to fir per unit mass of the string. Shew that its 
radius will vary harmonically about a mean length 

27r\c -r- 27rX — nific, 

m being the mass of the string, if 27rX > mfic. 

Examine the case when 27r\ = m/MC. 

40. A particle is placed within a straight tube of length 
a and small section and the ends of the tube closed. If the 
tube is placed on a smooth horizontal plane and projected in 
the direction of its length, prove that the distance advanced 
by the tube between the 1st and (ii + 1)*^ impacts between 

the particle and the ends of the tube is ^(e"" — 1); the 

masses of the tube and particle being equal and the coeflScient 
of restitution between the particle and the ends of the tube 
being e. 

41. Two equally elastic balls, not in the same vertical 
line, are dropped upon a hard horizontal plane: if the balls 
ever come again simultaneously to positions of zero velocity, 
prove that their initial heights above the plane are as 

(e"*-l)Ho(e«-l)», 

where m and n are positive integers, and e is the modulus of 
elasticity. 

42. P is a point to which the time t of sliding from A 
and B in straight lines is the same. Find another point Q for 
which the times from A and B are also t ; and shew that if 
t' be the time from P to Q or Q to P 

f^t'^_AP.BP AQ^BQ 
f + t'^^AQ.BQ'^^AP.BP- 
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43. A particle is projected with a given velocity in a 
medium in which the resistance varies as the cube of the 
velocity; find the time in which it will traverse a given 
distance, and the velocity which it will have at the end of a 
given time. 

44. A string hangs over a fixed pulley ; a weight of two 
pounds hangs at one end, and a pulley at the other ; over the 
pulley hangs a string, carrying a weight of one pound at each 
end ; when the whole is in equilibrium, any force is applied 
to one of the smaller weights ; shew that, when it has pulled 
it down three inches, the other one pound weight, and the 
two pound weight has each risen one inch ; shew also that, if 
the motion of the weight to which the force was applied 
be stopped in any gradual manner, the whole will be brought 
to rest, and the distances travelled by the weights will be as 
3:1:1. 

45. Two inclined planes of the same altitude and in- 
clinations a, ^, are placed back to back with an interstice be- 
tween. Two weights P, Q are placed one on each plane at 
the bottom and connected by a string which passes over 
two small smooth pullies at the top and under a moveable 
pulley, weight W, which hangs between the two .planes, the 
free portions of the string being parallel. Find the least 
value of W in order that both weights may be drawn up: and 
if they arrive at the top at the same time, prove that 

4 (sin* a -- sin* /3) 
W 
_ 2 sin a + sin a sin yS 4- sin* /3 2 sin yS + sin a sin yS + sin' a 

P Q • 

46. A particle, of mass m^ initially at rest at a distance a 

from the origin, is acted upon by the force m/ju (^ + -3) to the 

origin, r being the distance; find the time in which it arrives 
at the origin. 

47. Examine the motion of a particle, initially at rest in 
a medium the resistance of which varies as the velocity, 
under the action of a force to a fixed point varying as the 
distance. 



48. A traiu travels at the rate of 45 miles an bour. 
R^a is failing vertically, but owing to the motion of the 
train, the drops appear to fail past the window at an angle 
tan'' 1'5 with the vertical. Find the velocity of the ram- 
drops. 

If the raindrop were divided into lOOO* equal spherical 
portions, prove that the cloud so formed would have a velo- 
city of '044 ft. per second. 

The velocities are supposed to be full speed velocities, and 
the resistance of the air to vary as the square of the product 
of the velocity into the diameter of the drop. 

49. Two imperfectly elastic balls, equal in size, but 
unequal in mass, are placed between two perfectly liard 
parallel vertical planes, to which the line joining the centres 
of the balls is perpendicular, each ball being initially at a 
distance from the plane nearest to it, inversely proportional 
to its mass. The balls approach each other, with velocities 
inversely proportional to their masses; prove that every 
impact will take place at the same point as the first does. 

50. In an Atwood's machine the heavier body P is 
perfectly elastic, and Q is perfectly inelastic, and they start 
from rest at the same distance a above a fixed horizontal 
plane; and when P impinges on the plane and rebounds 
with unchanged velocity, Q strikes i^ainst a fixed obstacle 
and is reduced to instantaneous rest : determine the subse- 
quent motion, and shew that the two bodies are again at 
instantaneous rest when P is at a height P'a -h- {P+ Qy above 
the horizontal plane. 

51. Apiece of uniform chain hangs vertically from its 
upper end, with its lower end just above a smooth inclined 
plane; if it be let go, find the pressure on the plane duriog 
the fall. 

62, A heavy chain is suspended from one end above a 
rigid horizontal plane ; on the other side of the plane in the 
vertical line of the chain, there is a centre of force the 
attraction to which varies inversely as the square of the 
distance ; find the motion of the chain, and the pressure on 
the table during the fall of the chain upon it. 
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53. The potential at the distance r from a fixed centre 
being fir^, find the motion of a particle originally at rest at a 
distance a from the centre, and prove that the time of 
oscillation is 




54. An elastic flexible ring of natural radius a is stretched 

upon a circular cylinder whose radius is M + ^ - J a, and is 

then pushed off so that all the points of the ring quit the 
cylinder at once. Assume the law of compression to be that 
the compressed length is to the natural length as \ : P + \ 
where \ is the pressure which would halve the length of the 
string, and is equal to the tension which would double it 
according to Hooke's law. Prove that in the subsequent 

motion the least radius of the ring will be - , where e is the 

number 2718281828. 

55. A rope passes over a smooth pulley, having a weight 
attached to one end, and a monkey hanging at the other 
end, just balancing the weight. The monkey suddenly starts 
off, runs up a certain length of the rope at a uniform rate, and 
then holds on ; determine the whole motion, and prove that, 
if the monkey exert his whole strength in climbing, and be at 
all fatigued by the effort, he will be certainly jerked off. 

56. An uniform string, whose length is I and weight per 
unit of length w, hangs over a small smooth pulley with its 
ends just in contact with a horizontal plane; if the string be 
slightly displaced, shew that when one end has risen through 
a height h the pressure of the string on the plane is 



w 



[mog^^-h). 



and its resultant pressure on the pulley is 

,l-2h 
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57. Two particles of equal mass m are placed in two 
smooth straight tubes, between which the shortest distance is 
and the angle 2x 

The accelerating eflFect of the attraction of either upon 
the other is nif{p) at distance p. Each particle is initially at 
rest, one at the foot of the perpendicular, the other at a very 
small distance fi frOm it, shew that their respective distances 
from it at the time t will be 

^ ^ {cos (tj^jJL sin a) + cos {tij fi cos a)}, 
where 2fic = mf{c), 

58. A ball is supported by a uniform jet of sand, in the 
form of a thin conical surface, impinging upon it symmetri- 
cally as regards its vertical diameter ; prove that the weight 
of the ball is Qv (l-^e) cos a cos (a + yS) ; where Q is the 
quantity of sand discharged from the jet per unit of time, v the 
velocity of discharge, e the coefficient of elasticity between 
the ball and the sand, a the angular radius of the circle 
in which the jet impinges, /S the semi-vertical angle of the 
jet. 

59. Two equal buckets are connected by a string without 
weight passing over a smooth pulley, and over one of the 
buckets a heavy chain is held by its upper end, with its lower 
end just above the base of the bucket; if the upper end 
be let go, prove that the equilibrium may be maintained 
by pouring water gently and uniformly into the other bucket, 
provided the weight of water which can be poured in is 
three times the weight of the chain. After the chain has 
entirely fallen in, find its pressure on the bucket in which it 
lies, supposing the flow of water then to cease, 

60. One end of a heavy chain length 3a is fastened 
to a small smooth ring through which the chain is passed so 
as to be in equilibrium with a length a hanging freely. Prove 
that if the free end be slightly displaced downwards its 
velocity V when the length of the free portion is x is given by 
the equation 
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61. A heavy chain, of length .4a, is coiled up on a 
horizontal table, at the distance a from one edge of the 
table, and one end of the chain is then drawn out at right 
angles to the edge and just over it; the height of the table 
above the floor being a, investigate completely the motion of 
the chaiu. 

62. A chain of given leugth is at rest on a smooth hori- 
zontal plane, with one end fastened to a point on the plane, 
under the action of a repulsive force from that point varying 
as the distance. If the chain be set free, find the initial 
change of tension at any point, and the subsequent motion of 
the chain. 

If the chain impinge upon a vertical wall perpendicular to 
its own direction, find the pressure upon the wall at any sub- 
sequent period. 

63. On a certain day between one and four o'clock in the 
afternoon \ an inch of rain fell. Assuming that the drops 
were indefinitely small and that their terminal velocity was 10 
feet per seconii, find the impulsive pressure in tons per square 
mile consequent on the rain-drops being reduced to rest, 
assuming that a cubic foot of water contains 1000 oz. and 
that the rain fell uniformly and continuously. 

64. A fine string without weight passing over a smooth 
puUey, supports two equal scale-pans ; a heavy chain is held 
by its upper end above one of the scale-pans, its lower end 
being just above the scale-pan; if the upper end be let go, 
determine the motion completely, and find, at any time, the 
pressure on the scale-pan. 

65. A meteor is seen to fall vertically to the Earth, 
leaving a bright trail behind it. If the resistance of the air 
be constant and equal to JS, the rate of loss of matter burnt 

off be rRv, and if ikf, Fbe its mass and velocity just after 

entering the atmosphere, shew that the velocity after falling 
through a distance z is given by 

^ = (^-xf ^ + 1(^-^)5^ + ^' 

where X = -5- . 

B.D. 6 
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66. An indefinite quantity of a uniform string is coiled 
in a heap on the floor of a room and escapes into the room 
helow through a hole in the floor ; shew that the velocity of 

escape can never exceed Jga, where a is the height of the 
hole above the floor of the room below. 

67. A chain whose density varies as the dbtance from 
the end A is coiled up close to the edge of a smooth table 
and the end A allowed to hang over. Shew that the motion 
is uniformly accelerated and the tension at the edge of the 
table varies as the fourth power of the time elapsed since the 
commencement of motion. 

68. A pulley is fixed above a horizontal plane. Over the 
pulley passes a fine string which has two equal chains fasten- 
ed to its two ends. In the position of equilibrium a length c 
of each chain is vertical, the remainder of the chains being 
coiled up on the table. 

If now one chain be drawn through a distance nc and 
then let go, prove that the system will next come to rest 
when the upper end of the other string is at a distance mc be- 
low its mean position, m being given by the equation 

(l-w)€"=(l+n)e"*. 

69. A flexible chain hangs in equilibrium over a smooth 
vertical circle with one end fixed to the extremity of a 
horizontal diameter and a portion hanging vertically at both 
sides of the circle; if the fixed end be set free, shew that the 
equation for determining (y) the distance of the lowest point 
of the chain from the horizontal diameter during the first 
part of the motion is 

where I is the length of the whole string and 2c is the circum- 
ference of the circle. 
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ACCELERATIONS PARALLEL TO CO-ORDINATE AXES. 

75. We now proceed to illustrate the use of the 
equations 

fnx = W-X) Tny = w Y) 

by the consideration of some cases to which these equations 
are the most easily applied. 

If the forces are given, and the initial circumstances of 
motion, the equations determine the path of the particle; 
and, if the path be given, with some other condition besides, 
the forces are determined. 

76. Motion of a heavy particle in a vertical plane. 

Measuring y vertically upwards the equations of motion 
are 

a uhe the initial velocity and a the inclination to the 
horizontal plane of its direction, we obtain 

x = u cos a, y = w sin a — ^, 

and if the point of projection be the origin, 

a?=i^^cosa, y^ut^ma — ^gf. 

Eliminating t we obtain the equation to the path of the 
particle, 

y = a?tana-o-r — i—, 
^ 2u* cos* a 

6—2 
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which is a parabola, having its axis vertical and vertex 
upwards, the co-ordinates of the vertex being 

2^*sin2a/2^ and u^sui*a/2g. 

The latns rectum is 2w' cos' a/g, and the height of the 
directrix above the point of projection is u^/2ff. 

The direction of motion at the time t is given by the 

equation 

y. u sin a — at 
tang= ^ , 

t^cosa 

and, if v be the velocity at the point (x, y), 

v^=:x^ + y^ = u^ + gH^ — 2ugt sin a = w" — 2gy, 

shewing that the velocity at any point is equal to the velocity 
due to -a fall to that point from the directrix. 

The range of a projectile on the horizontal plane through 
the point of projection is at once seen to be 

w' sin 2a/g. 

To obtain the range on an inclined plane, perpendicular 
to the plane of motion, through the point of projection, 
measure x and y parallel and perpendicular to the plane. 

Then, if yS be the inclination of the plane, 

x = -g8mfi, y = -5rcosA 
/. x = u cos (a — )S) . if — J^r sin ^i^, 
y = w sin (a — )8) . ^ — i^ cos yS^, 

Putting y = 0, and eliminating t, we obtain 

__ 2tt' cos a sin a— ^ 

X — 5-5 , 

g cos p 
which is the range on the inclined plane, and is a maximum 

when a = J (o + iSJ , that is, when the direction of projection 

bisects the angle between the inclined plane and the ver- 
tical. 

To find the direction of projection in order that the 
particle may pass through a given point is the same thing 
as finding the direction of projection in order that the 
range on a given inclined plane may be a given quantity. 
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Hence from above cos a sin a — ^ is given, 

and therefore sin 2a — ^8 is given. 

If then OL and a" be the two values of a, the expressions 
2 (a' — )8) + /8 and 2 (a" — ^) + /? are supplementary, and 
therefore 

(a'-^) + («"-;S) = 2|^-f}. 

shewing that there are two directions of projection and 
that they are equally inclined to the direction of projection 
which gives the greatest range. 

77. Conversely, if the given path be a parabola, and it 
be given that the force is parallel to its axis, we have 

y * = 4aa?, 

with the equations mx = mX, y = 0, 

so that y = c, a constant, 



.8 



and therefore ^ = ^ and a? = — , 

2a 2a 

shewing that the force is constant. 

78. To find the force perpendicular to the axis under 
the action of which a conic section can be described, we have 
the equations, y' = 2lx — nx^, 

x = 0, my=^mY. 

From these we obtain 

iT = c, and yy^d' — 'nx) c, 

hence yy + jf^^— ^c^ and therefore i/ == — r > 

shewing that the force varies inversely as the cube of the 
ordinate. 

Conversely, if it be given that the force is perpendicular 
to the axis of x and inversely proportional to ^, the equations 

of motion are ai = 0, y = — ^ , 

and therefore ^ = c, y**=M(~iiT5)» 

c and h being constants. 



86 ACCELERATIONS PARALLEL TO 

Hence. - ^- = -7====== > 

c dy ^||i, (6» + y) 

and therefore - + a = -j= V6* ± y', 

which is the equation of a conic section. 

79. It is required to find the force perpendicular, to the 
asymptote, under the action of which the curve, ic'+y' = a*, 
can be described. 

In this case, if P be the force, 

mx^^, and my = ^. 

Hence x — if^c, 

and from the equation of the curve x^x-\-y^y = 0. 
These equations give 



and a? = — 7-n ^ , whence the force : 

(33 + yy 

c^x* + v^ 

and the velocity at any point = — 5 ^ , 

X + y 

80. In all cases in which force acts in parallel lines, the 
velocity in the direction perpendicular to the force remains 
constant, and therefore the time of traversing any arc of the 
orbit is obtained by observing the space, passed over in the 
direction perpendicular to the force, and dividing this space 
by the constant velocity. 

^ 81. Motion of a particle under the action of a force to 
^ a fixed point proportional to the distance from that point. 

If r be the distance, and fir the force on a particle of unit 
mass, the equations of motion are 

x = — fir cos 0= -- fix, jf = — /ir sin ^ = — fiy. 

The integrals of these equations are. Chapter II. 

oj = -4 cos J fit + B sin J fit, y = (7 cos J fit + D sin Jfd^ 
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the constants being determined by the initial circumstances 
of the motion. 

Eliminating t we obtain the path 

{Cx ~ Ai/Y + (% - Dxy = {BC - AD)\ 
which is an ellipse. 

82. In this case we may usefully employ oblique axes. 

being the centre of force, and A the point of projection, 
take OA as the axis of x, and the line through parallel to 
the direction of projection as the axis of y. 

If f, f be the component accelerations parallel to the 
axes 

/ sin a = -7-5 (a? sin a), and /' sin a = -^j (y sin a), 

so that / = ^ and f = y. 

The component forces are —fi^x and — /t^y, and resolving 
perpendicular to the axes, we obtain 

X sin a = — fix sin a, y sin a^ — fiy sin a, 
or ic = " fix, y = — fiy. 

Initially a? = a, x = 0, y = 0, y = v, 

and therefore a? = a cos J fit, y = -p sin ^t, 

Jfi 



jt ..^.2 



and the path is -5 + ^=1, 

^ ♦ or V 

an ellipse of which 2a and —p= are conjugate diameters. 

If the force be repulsive the equations of motion, employ- 
ing oblique axes, are 

X = fixy y = fiy, 

and therefore 

X = ^€^« + 5e- ^«, y = (76^^« + De" ^^ 
and, with the same initial conditions. 



<4 rf 
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and the equation of the path is 

a' v'~ ' 

9 

a hyperbola, of which 2a and -p are conjugate diameters. 

In each case if 2a and 26 be the conjugate diameters 

V = J^i . h, 

and, as any point P of the path may be regarded as the 

initial point, the velocity at P is equal to ^//A . CZ), where 
CD is conjugate to GP. 

*i^ 83. General deductions from the equations of motion. 

Taking o5 = X, and y = F, 

we obtain xy — yx^xY— yX, 

or j^(^y-y^)=^» 

if mJV be the moment of the forces about the origin. 

The angular momentum of the particle is the moment of 
its momentum, which is 

m (xy — yx). 

If then we denote by mh the angular momentum, we 
obtain * 

mh = mN, 

that is, the time flux of the angular momentum is equal to 
the moment of the forces. 

Again we know that, if A be the area swept over by the 
radius vector, 

2A==xy -- yx, 

and.-. 2A=K 

If iV be zero, that is, if the force be central, A is constant, 
so that the area swept over is in that case proportional to 
the time. 

This is Newton's Proposition I. 
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Further we obtain, multiplying by 2x, 2y, adding, and 
integrating, 



or 



^m {a? + f) = ^{Xdx + Ydy). 



The left-hand side is the kinetic energy of the particle, 
and the right-hand side is the work done by the force, so 
that we here have the principle of energy, for a single particle 
in a field of force, deduced from the equations of motion. 

84. Motion of a heavy particle in medium the resistance 
of which varies as the velocity. 

Measuring x and y horizontally and vertically from the 
point of projection, and taking mkv as the force of resistance 
the equations of motion are 

x = — ks-r = — Icd!, and y = —Ics-~'-g = — ky — g, 

and therefore, if u and v be the initial components of the 
velocity, 

x + kx = u, y + ky = v — gt, 

u 
leading to x= r{l — e""**), 



y k k^¥ Kk^kV ' 



85. Motion of a particle in the same medium under the 
action of a force to a fixed point varying as the distance from 
that point. 

The equations of motion are 

x-^-kx-^- fix = Oy y + ky + /iy = 0, 

and these are integrated as in Chapter II. 

If, initially, x = a, y = 0, x = 0, and y = v, it can be 
shewn that 

x^ kxy tiy^_^ 

a av V 
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and tan nt = s — _ t , where w = ^ /t* — -r - 

86. Motion of a heavy particle in a medium the resistance 
of which varies as the square of the velocity. 

The equations of motion, if mkv^ be the force of resist- 
ance, are 

7 2 ax 7 • • 7 • • 

X = — fcv -r = — kxs, y = — gr — ksy. 
From the first, a; = we"**, 

and .*. y=px = upe"^, putting p tor ^, 

Hence y=y^-^ e"^ — kupse"^ = if-^e^ — A»y, 
and the second equation becomes 

j^ + — * e = 0, 
ax w 

ds 

Multiplying l>y 2 ^, which is equal to 2jl+p% and 

integrating, we obtain 

p V1+7+ log (p+jriY) +1^, e^ = a 

If then a be the initial inclination of the direction of 
motion, that is when s = 0, and if ^ = tan ff, 

tan^sec ^ + log (tan ^ + sec ^) + -^^(6^-1) 

= tan a sec a + log (tan a + sec a). 

dx 
We observe that as s increases indefinitely, -7- decreases 

and ultimately vanishes, shewiug that x is ultimately 
constant, and therefore that the curve, on the positive 
side, tends to a vertical direction. 

Again, if r be the intercept of the tangent on the axis of y, 



J dr dp 

T = y-xp,^nd^=-x-£ = --x 



9 



dx dx u 



2 



€ 



Hkt 
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Take cc and 8 both negative, say — a?' and — s' ; then, as 
X is certainly less than «', 



is less than 

6"^ 



^^ S.VJ *v^«« v**.«x« oj^ 



which vanishes when s' increases indefinitely. 

Hence on the left-hand side, the value of -^ approaches 

continually to zero, and t is ultimately constant. 

Again, if s = — oc , 

tan ^ sec 5 + log (tan ^ + sec 5) - (7 = 0, 

shewing that has then a finite value ; for, if we put 5 = 0, 
the left-hand number of the equation is negative, and if we put 

5 = ^ , it is positive. 

We infer then that the direction of the curve, on the 
negative side, is ultimately inclined to the vertical. 

87. Illustrations of the use of the equations of Arts. (13) 
and (21). 

(1) Case of a weightless rod, of length 2a, carrying a 
particle at a distance c from its middle pointy and having its 
ends moveable on two straight wires, at right angles to each 
other, and made to revolve uniformly in a horizontal plane. 




^ 
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. Taking the wires as axes of x and y, the equations of 
motion are 

m (x — co^x — 2<oy) = R, 
in{y ^ o)'y + ^ayx) = 22', 
with the geometrical conditions, 

x = {a + c)cos0,y= (a--c) sin 0, 

Now, since the system of acting forces is the equivalent 
of the system of efiFective forces, the resultant of R and E 
must be in the line FE, and therefore 

R(a + c) sin 0=sR (a — c) cos 0. 

From these equations we obtain 

(a* + c' - 2ac cos 20) + 2ac0' sin 20 + 2ac(o^ sin 20 = 0, 

the integral of which is 

(a' + c' - 2ac cos 20) fl" = (7 + 2acft)' cos 2^. 

If the particle is at the centre of the rod, is constant, so 
that, if initially the rod have no motion relative to the wires, 
its relative position will remain unchanged. 

(2) A smooth plane, carrying at a point G a centre of 
fo7'ce the attraction to which varies as the distance, revolves 
uniformly about a fixed axis, perpendicular to itself; it is 
required to determine the motion of a particle on the plane. 

Taking the foot of the axis, 0, for origin, and OC for the 
axis of a, the equations of motion are, if OG = c, 

X — w^x — 2(oy = — /A (ic — c), 
y — ca^y + 2tDX = — fiy. 
The elimination of y leads to the symbolic equation 
{/)*+ 2 (a)» + /i)2)» + (Q>'-/i)'} a? = - /tc (a)«-/Lt), 
the solution of which is 
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x= ar^— + A cos {(o + *Jfit + a] +B cos {cd — V/i^ + /S}, 

and y is obtained in a similar form. 

If it be required to determine the absolute path of the 
particle the equations of motion are 

a? = — /i (a? — c cos (ot), y = —fi{y'-cam at), 
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the integrals of which are 

X = ^ a cos a)t + A cos i^at + a), 

/H — 0) ^ 

y = — ^— a sin 0)^ + 5 sin Nat + B). 

•^ /A — 0) ^ 

88. Equations of motion of a free string in a plane 
under the action of given forces* 



V 







€L 



O) 



If u and V be the velocities parallel to x and y, of a point 
P of the string, and T the tension at P, the component 
tensions are 

T^, and T%, 
as as 

which are functions of the arc AP measured from a given 
point A of the string, and the equations of motion of the 
element Ss are 



mSsu=^-j- (T -T-j Bs + mBs.X, 
mSsi = ^(T^8s + mSs.Z 
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m being the mass of unit length of the chain, or 

The geometrical equation is given by the condition that 
the velocity of Q, in direction of the tangent at P, is ulti- 
mately the same as that of P, leading to 

dudx dv dy _^ 
ds ds dsds 

These equations, combined with the boundary conditions, 
such for instance that the tension vanishes at a free end of 
the string, are suflBcient theoretically for the determination 
of the motion of a string in a plane under the action of given 
forces. 

The same equations apply to the problem of determining 
the initial tension at any point of a string, originally in 
equilibrium, when some of its constraints are removed. 

It will be found however that this problem, and that 
of the next article, are more easily treated by making use of 
tangential and normal components. 

89. Motion of a string, or a fine chain, lying on a smooth 
horizontal plane, which has impulses applied at one or both 
ends. 

If The the measure of the resulting impulsive tension at 
the point P, and u, v the velocities imparted to the point P, 

-,<?« . dxdT _,<fy , du dT 
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vriih the same geometrical condition as before, i.e. 

du dx dv dy ^ ^ 
ds ds ds ds" ' 



EXAMPLES. 

1. Find the law of force parallel to an asymptote under 
which a rectangular hyperbola can be described. 

2. Prove that the vertical velocity of the centre of 
curvature of the path of a projectile is proportional to the 
time which has elapsed since the projectile was at the highest 
point of its orbit. 

3. A particle moves in a plane under the action of forces 
to two fixed points in the plane, one attractive and the other 
repulsive, and each varying as the distance ; if the absolute 
intensities be the same, find the path. 

4. Find the path of a particle which is in motion under 
the action of a force perpendicular to a fixed line and 
inversely proportional to the square of the distance from 
the line. 

6. A particle moves under the action of an attractive 
force perpendicular to a straight line and proportional to the 
distance from that line; prove that the path is the curve 
of sines. 

6. Shew that the least inclination to the horizon at 
v^hich a particle can be projected *so as to strike at right 
angles any plane through the point of projection is cos"^J. 

If the direction of projection be inclined at an angle to 
the plane, and if the projection on the plane of this direction 
be inclined at an angle ^ to the line of greatest slope, 
shew that the range on the plane is 

57— (cos' cos' a + sin' sin' a — i sin 20 sin 2a cos 6)\ 

g cos* a ^ ^ ^^ ^ 

where a is the inclination of the plane to the horizon. 
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m 

7. Particles are projected from the same point in a 

vertical plane with velocities which vary as (sin 6)'^, 6 being 
the angle of projection ; find the locus of the vertices of the 
parabolas described. 

8. Particles fall down chords of a circle to the lowest 
point. Prove that the tangents to the circle at the upper 
extremities of the chords pass through the foci of the paxa- 
bolas described after leaving the lowest point. 

9. Particles slide down chords of a vertical circle to 
the lowest point ; shew that the locus of the foci of the paths 
of the particles after leaving the chords is a cardioid. 

10. An ellipse is held with its major axis vertical; 
find a point on the curve such that, if a perfectly elastic 
heavy particle slide down an inclined plane to it from 
the upper focus and be reflected by the curve, it will fall 
to the lower vertex; and shew that in an ellipse, whose 
eccentricity is 5, this point will be the extremity of the 
minor axis. 

11. A bullet is fired in the direction towards a second 
equal bullet which is let fall at the same instant. Prove 
that the two bullets will meet, and that if they coalesce 
the latus-rectum of their joint path will be one quarter 
of the latus-rectum of the original path of the first bullet. 

12. Chords are drawn, joining any point of a vertical 
circle with its highest and lowest points; prove that, if a 
heavy particle slide down the latter chord, the parabola, 
which it will describe after leaving the chord, will be touched 
by the former chord, and that the locus of the points of 
contact will be a circle. 

13. Through a given point an inclined plane is drawn, 
perpendicular to a given vertical plane, and from that point 
a particle is projected in the vertical plane, with a given 
velocity, so as to strike the inclined plane at right 
angles; prove that the locus of the point on which it 
falls, for dififerent positions of the inclined plane, is an 
ellipse. 
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14. Prove that the range of a projectile on an inclined 
plane is greatest for a given velocity of projection when the 
focus of the path is in the plane. 

If t and t' be the two times of flight corresponding to any 
range short of the greatest, and a be the inclination of the 
plane, prove that 

f+t"' + 2U' sin a 

is independent of a. 

15. Two smooth equal balls are placed in contact on a 
smooth table ; a third equal ball strikes them simultaneously 
and remains at rest after the impact ; shew that the coefficient 
of restitution is 2/3. 

16. A person at a distance c from the vertical wall of a 
fives court discharges a perfectly elastic ball from his hand so 
that it shall strike first the floor, then the wall and finally 
return to his hand. If T be the whole time of motion 
and nT the time between the two rebounds, shew that the 
velocity and angle of projection measured downwards are 
given by 

F cos a = 2c/ T, Fsin a = gnT. 

[^ 17. On the moon there seems to be no atmosphere, and 
gravity is about one-sixth of that here on earth. What space 
of country would be commanded by the guns of a lunar fort, 
able to project shot at 1600 feet per second ? 

18. A particle is projected from a point in a smooth 
plane, inclined at an angle a to the horizon, in a vertical 
plane which cuts the inclined plane in a horizontal line, and 
at apt angle to the horizon. Prove that after ?i rebounds 
the space travelled in the direction of the line of greatest 
slope on the inclined plane is 



a sin a tan . — ^^ ^ , 

1 — e 



where a is the horizontal space described, and e the coefficient 
of restitution. 

B.D. 7 
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19. A perfectly elastic particle is dropped from a point 
on a fixed vertical circular hoop; shew that after two rebounds 
it will rise vertically if 

2 sin 4d = tan 0, 

where is the angular distance of the point from the highest 
point of the hoop. 

20. The intersection of two planes, inclined to the hori- 
zon at the angles a, /8, respectively, is horizontal : a perfectly 
elastic particle falls upon the former plane, then rebounds to 
the latter, and then rebounds vertically : prove that the ratio 
of the distance of the first point of impact from the inter- 
section of the planes to the height through which the particle 
falls before striking the first plane is equal to 

cos(a + y3) ^ j2 ^.^ 2^ _ ^.^ ^^^ ^^j^ 
smp.8m2/8 ^ ^ ^^ 

21. A smooth inelastic ball slides from rest down a length 
(J) of a plane inclined 30° to the vertical, and impinges on a 
horizontal rail, parallel to the piano, and at a distance from it 
equal to half the radius of the ball. Neglecting the thickness 
of the rail, prove that the ball will afterwards strike the plane 
at a distance 3Z from its point of contact when striking the 
rail. 

22. A particle is projected from a point at the foot of one 
of two parallel vertical smooth walls so as after three reflections 
at the walls to return to the point of projection ; prove that 

e'+e* + e = l, 

and that the vertical heights of the three points of impact 
above the point of projection are as 

e*: 1-e* : 1. 

23. A sphere is fixed upon a horizontal plane ; find from 
what point in the plane a particle must be projected, with a 
velocity due to falling down a vertical space equal to the dia- 
meter of the sphere, so that the focus of its path may be in 
the centre; after reflection at the sphere shew that it will 
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strike the horizontal plane at a distance from the point of 
projection equal to the diameter of the sphere, if the elasticity 
be perfect. 

24. Two equal perfectly elastic balls A and B are pro- 
jected from the same point, in the same vertical plane and 
with equal horizontal velocities ; prove that if when they first 
impinge A has not yet struck the ground, and B is moving 
horizontally, then the ratio of the cotangents of the angles 
which the directions of projection make with the vertical 

must = — o~~ri — where n is some positive integer, and 

alsd that when first after the impact one of them strikes the 
ground, the other is at a height above the ground 

_ 2n (yi + 1) i;' 

where v is the vertical velocity of projection of B. 

25. A ball is projected from a point in one of two smooth 
parallel vertical walls against the other in a plane perpendi- 
cular to both, and after being reflected at each wall impinges 
again on the second at a point in the same horizontal plane 
as it started from : shew that 

6e« = a(l+6 + e'), 

where e is the coefficient of restitution, 6 the free range, and 
a the distance between the planeg. 

26. A man stands on the upper end of a long rough 
plank, of length a and mass M, which lies along a smooth 
straight groove on an inclined plane, having its upper end 
supported by a cord. The cord is cut, and, at the same 
instant, the man starts off, and runs with very short steps 
down the plank, at such a rate that the plank does not move; 
prove that the velocity of the man at the lower end of the 
plank is 



^- m + if 



^ga cos a 



m 

where m is the mass of the man, and a the inclination of the 
groove to the vertical. 

7-2 : 5 
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If the man then jump horizontally so as not to set the 
plank in motion, he will alight on the groove at a distance 

. , . m + M 

4a cot a . 

m 

below the position of the lower end of the plank at the instant 
he alights. 

Determine also how he must jump so that he may alight 
on the lower end of the plank. 

27. A stone is projected upwards with velocity \/2gc 
from a point on the margin of a circular pond, radius c. , If 
all directions of projection be equally probable, shew that the 
chance that the stone falls into the pond is 

28. A solid smooth cylinder, of radius r, lies on a smooth 
horizontal plane, to which it is fastened, and an inelastic 
sphere, of radius 2?% moves along the plane in a direction at 
right angles to the axis of the cylinder; find the condition 
that it may pass over the cylinder. 

If the sphere be elastic, and the coefficient of the elasticity 
be greater than 1/8, prove that it cannot in any case pass over 
the cylinder ; and if e be less than 1/8, find the condition that 
the sphere may, after its first ascent, fall upon the top of the 
cylinder. 

29. From a point A in one of two vertical lines a par- 
ticle is projected with a velocity u s,t a, given inclination 
to the horizon, and meets the other vertical line in jB: it is 
then projected from B with a velocity v at the same inclina- 
tion to the horizon and returns to A. Prove that the har- 
monic mean between u^ and t;' is constant. 

30. A particle is projected horizontally along a plane, 
whose inclination (a) to the horizon is equal to the angle of 
friction (X) between the particle and the plane ; prove that it 

ultimately move down the plane with a uniform velocity 
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equal to half the velocity of projection (F) and along a line, 
whose horizontal distance from the point of projection 



^sma 



If a be less than \ and tan X = n tan a, and if the particle 

receive a small horizontal impulse and when reduced to rest 

again, another, and so on continually, its path down the plane 

will not sensibly differ from a straight line incUned to the 

4n" — 1 
horizontal line in the plane at an anrie = tan"^ t; — tt — t\ . 

° on (n — 1) 

31. Find the path of a particle acted on by a repulsive 
force always perpendicular to a given straight line and pro- 
portional to the distance from it, the velocity at any point 
being that which would be acquired by moving from rest on 
the given line to that point. 

32. If a particle be acted upon by a force always parallel 
to the axis of y and proportional to the square of the radius 
of curvature at the point, prove that it will describe the curve 

^ = log sec - , 

a ^ a* 

the particle moving parallel to the axis of x at the point (o, J). 

33. The trochoid x = a{0'~esmd), y = a (1 — e cos 6) , is 
described under the action of a force parallel to the axis of ar; 

shew that the force varies as — ^-t/T • 

34. If a particle be moving in a medium whose resistance 
varies as the velocity of the particle, shew that the equation 
of the trajectory referred to the vertical asymptote and a line 
parallel to the direction when the velocity is infinite as co- 
ordinate axes, is of the form 

y = &log^. 



37- A parabola, having its vertex at A and its axis co- 
incident with AB the diameter of a semicircle, is described so , 
as to cut the semicircle in f; prove that, if a body move in 
the semicircle under the action of a force perpendicular to 
AB, the time of moving from A to P varies as the difference i 
between AB and the latus rectum. Prove also, that if a 
second body move from ^4 to P in the parabola in the same ! 
time under the action of a force perpendicular to its axis, and 
the velocities in the -two curves at F be equal, the latus 
rectum of the parabola is ^ AB. 

38. A parabola is described under an acceleration J" to 
the focus, and another a parallel to the axis ; shew that 

39. Two particles are projected in parallel directiom 
from two points in a straight line passing through a centre o( 
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force, the attraction to which varies as the distance, with 
velocities proportional to their distances from the centre. 
Prove that all tangents, to the path of the inner, cut off, 
from that of the outer, arcs described in equal times. 

40. OA is a smooth tube ; OB a light rod perpendicular 
to it ; 5, a fixed point in OB, a centre of force attracting with 
force fir a particle P in the tube OA, The system being 
made to revolve with uniform angular velocity o) on a hori- 
zontal plane about 0, determine the motion of P ; and shew 

that, i{ fi> G)\ P will oscillate with period ^ttjJii — a>^. 

41. A rod revolves about its middle point with uniform 
angular velocity w and has at its extremities two centres of 
force varying as the distance one attractive and one repulsive 
of the same absolute intensity ; supposing a particle placed 
in the plane of rotation in a line perpendicular to the rod 
through its centre, shew that its path will be cycloidal, the 
time from one cusp to another being 27r/«r. 

42. A smooth horizontal disc rotates with angular velo- 
city Jfi about a vertical axis at which is placed a particle 
attracted to a certain point of the disc by a force whose 
acceleration is /i x distance ; prove that the path of the 
particle on the disc will be a cycloid. 

43. A particle moves under the action of two constant 
forcQS in the ratio of nine to one, whose directions rotate in 
opposite directions with uniform angular velocities in the 
ratio of three to one : prove that, under certain initial con- 
ditions, the path of the particle will be a closed curve, of the 
same form as that represented by the equation, r — a cos 2ft 

44. The two ends of a smooth weightless rod are move- 
able on two fixed straight wires intersecting each other at 
right angles. A particle can move on the rod and is attracted 
to the point of intersection of the wires by a force varying as 
the distance. Prove that if the particle have initially no 
motion the angular velocity of the rod is given by an equation 
of the form 

Q>* = v? [1 — sin' 2a cosec' 20], 



^•f 



KADIAL AND TRANSVERSAL ACCELERATIONS. 

90. Having discussed, in the previous chapter, the use of 
the compoDents of acceleration parallel to two coordinate 
axes, we now take into consideration the expressions for 
radial and transversal components, leading to the equations 
of motion, 

mP and mQ being the radial and transversal forces acting 
on a particle of mass m. 

For our first illustration we take the following case. 

Motion of a particle in a smooth straight tube which 
revolves itni/ormly, in a horizontal plane, about a fixed point 
in the axis of the tube. 

In this ease the only force acting on the particle is the 
pressure ffi of the tube, and, if oi be &e angular velocity, the 
equations are 

r — Q)V = 0, 2mm = M. 

If the particle start from the distance a with no initial 
velocity along the tube, we obtain from the first equation, 

r = 5 (e"' + e" "') = a COsA . (at, 

and from the second, 

R = Smaw* sink . at. 



JIOTATING TUBES. 105 

We can also obtain the velocity and pressure in tenns of 
r, for the first equation gives 

and therefore B = ima>^ Jr^ — a\ 

If h be the length of the tube, the direction in which 
the particle flies out is inclined to the tube at an angle 6 
such that 

tan 6 = — , = . . 

If the tube revolve in a vertical plane the equations are 
r — (o^r = —g sin cot, 2mf (o = R-- mg cos cot. 

From these equations, 

r = ^a sin cot + A^^ + jBe""* (Chapter ii.), 

and R = 2mg cos cot + 2mco^ [A e"* - 5€-"0 » 

the constants being determined by initial conditions. 

91. Motion of a particle in a straight tube which revolves 
uniformly in a horizontal plane about a fixed point at a 
distance cfrom its axis. 

If OA (c) be the perpendicular from the fixed point on 
the axis of the tube, and, P being the position of the particle, 
if AP = r, the acceleration of P relative to J. = r -- ©V, in the 
direction AP, and 2rco perpendicular to AP ; and the accele- 
ration, co% of the point A is wholly in the direction A 0. 

Hence the equations of motion are 

r — (o'r = 0, m {2rco + co^c) = R, 
and the solution is similar to that of the preceding case. 

Motion of two particles, m and m, connected together by an 
inelastic string, in a straight tvhe revolving uniformly in a 
horizontal 'plane about one end. 
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If r be the distance of m from the origin, I the length of 
string, and T its tension, the equations are 

from which we obtain 



and therefore 



{m + m') r — ft)' (»7i + m) r — m'toH = 0, 
vi'l 



r + 



ra-\-ra 



/ = A€^^ + ^e—^*. 



92. Motion of a piece of uniform chain in a straight tube 
revolving in the same manner. 




Let r be the distance from of G, the centre of gravity 
of the chain, OP = p the distance from G of one end of an 
element PQ, (Sp) of the chain, m the mass per unit of length, 
T the tension at P, T + BT at Q. 

The equations of motion of the element are, since p is 

cP 
independent of the time and therefore -tt^{OP) equal to r, 

mhp {r — ft)' (r + p)] = ST, 2mZpr(o = RZp, 
R being the rate of pressure at P per unit of length. 

Integrating the first of these equations, or, in other words, 
taking the sum of the equations of motion of all the elements, 
we obtain 



m 



j(r-ft)V)p-ft)'^Ur+a 
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Observing that 7= when p^ — l and when /> = ?, 2i 
being the length of the chain, there results 

m (r — coV) 2Z = 0, or r— ©V = 0, 

shewing that the motion of the centre of gravity is the same 
as that of a single particle. 

Taking account of this result, T= Jmo)' (P — p'). 

93. Motion of a head on a smooth circular wire revolving 
unif(yrmly in its own plane about a fixed point 




If be the fixed point, and the angle PGA, the accele- 
rations of P in the directions PT and PG, obtained by 
compounding the accelerations of P relative to with that 
of G relative to 0, are respectively, 

a-T-^{0+a)t) + G)'c sin 0, and a(d + cof + co^c cos 0, 

taking 0G= c, and CP = a. 

If the plane be horizontal, and R be the pressure of the 
wire on the bead, the equations of motion are 

• • • 

a0 + G)'c sin ^ = 0, and m[a{0 + coy + toe cos 0} = iZ. 
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If the bead be originally attached to the wire at the 
angular distance a from the fine GA, and be set free, the first 
of these equations leads to 

aS* — 2cc)'c (cos — cos a), 

shewing that the bead oscillates through the angle 2a, and 
the second determines the pressure. 



CENTRAL FORCES. 

94. If a particle move under the action of an attractive 
force mP to a fixed centre, P being a function of r, the 
equations of motion are * 

r--re' = -P, rd + 2r0=O. 

From the second equation we at once obtain 

h being a constant. 

TT . • dr A h dr ^du.^. 1 

Hence r = ^^ = ^ ^ = -A^^, if « = -, 

and the first equation becomes 

cPu _ P 

This equation, if the law of force be given, deteimines 
the path, and, if the path be given, determines the law of 
force. 

95. If A be the area swept over by the radius vector. 
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and therefore A = ^hty shewing that the area is proportional 
to the time, and that ^h is the area swept over in the unit of 
time. 

If Ss be an element of the arc of the curve, and p the 
perpendicular from the centre of force upon the tangent, 

SA = ^pSs, 

m 

and therefore h = 2A=ps=pv, 

shewing that the velocity is inversely proportional to the 
distance of the centre from the tangent to the path. 

96. We have shewn, in Art. (17), that the normal accele- 
ration, in any curvilinear path, is equal to v^/p, where p is 
the radius of curvature. 

If mF be the resultant of the forces acting on a particle 
m, and ^ the inclination to the normal of the line of action of 
this resultant, it follows that 

m — = mF cos (b, 
P 

and therefore, if q be the chord of curvature in direction 

of the force, 

v'=iFq. 

That is, the velocity of a particle at any point of an orbit 

is that which the particle would acquire if it were to move 

from rest under the action of a constant force, equal to the 

force at the point, through a space equal to one-fourth of the 

chord of curvature in direction of the force. 

97. Since v = ~, and cos 6 = -, 

p ^ r 

we have -i = Pp-=^Pp -r^-, 

p '^ r ^ dp 

and therefore P= ^ ^- , 

p dr 

an expression which is frequently useful in determining the 
path for a given law of force, or the law of force for a given 
path. 



no 
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We can also obtain the same expression for P by employ- 
ing the expression for the tangential acceleration. 



Thus 



therefore 



T> . . dv dv . . 
— -r sin = V -T- = v -y- sin 9; 

p_ h d fh\ ^h^ dp 



The two expressions for P are deducible, each from the 
other, by help of the equation, 

98. Another expression for the velocity is found by 
utilizing the expression for the tangential acceleration; we 
thus obtain 

dv ^ pdr 
ds ds* 

and therefore v' = v'* — 2 I Pdr, 

shewing that t; is a function of the distance. 



Further, since 



--'p'^i^-mi 



it follows that r -^ is a function of the distance, and therefore 

that at all points which are at the same distance from the 
centre of force the angle between the radius vector and the 
tangent is the same. 

We now proceed to apply these formulae to some particu- 
lar cases. 

99. To find the law of force to the focus under the actum 
of which a conic section can he described. 
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Taking as the equation of the conic 

cw = 1 + e cos 6, 

cPu ^ , d^u 1 

c^ = -ecos^, and^, + u = -, 

so that Jr= = — . -^, 

C C IT 

and therefore varies inversely as the square of the distance. 

If fi be the absolute force, that is the force at the unit of 

A* 2A* 
distance on a particle of unit mass, /i = — = -j- , if i be the 

latus rectum. 

To find the law of force to the centre undet* which a central 
conic can he described. 

Employing the equation, P = -^ -^ , we know that in 
this case, 

and therefore — r j- = jr, so that P = ,,-9 r, 

dp p^ a^b 

and therefore varies as the distance. 

A' 

If u be the absolute force, u = -^^ , 

'^ a^b 

100. To find the law offeree to the pole under which an 
equiangular spiral can be described. 

From the definition of the curve, p = r sin a, 

and therefore P= ^ . , •-3 = 3, 

sin" a r* r 

and the velocity = - = ^ ^ 
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To find the law of force when a particle describes a circle 
under the action of a force to a point in the circumference. 

In this case 2 -- or r* = 2ap, 

r 2a -^ 



and thorofore 



A« rSh^a^fi 



and the velocity "^ "i^ ~ ^ V f • 

101. Motion of a particle under the action of a/force to a 
fixed point varying inversely as the square of the distance. 

In this case, P = fiu\ and we obtain y y^J, .uVf- / 9 3 

the integral of which is 

w — ^ = -4 cos (5 — 7), 

or ti = ^ {1 + 6 cos {6 - 7)}, 

which is tho equation of a conic section, of which c is the 

A" . 
eccentricity, and - - is the semi-latus rectum. 

To find the constants, let c be the initial distance, v the 
velocity of projection, and /8 the inclination to c of the initial 
direction of motion ; then 

A = vc sin ^, and, since — = — p e sin (^ — 7), 



- = 4^(l+ecos7) and -coti8 = — ^esin7, 
c Ic^ " c hr ' 

or v'c sin* /8 = /L6 (1 + 6 cos 7), t;'csiny9cos)8 = — /ttesiny; 
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whence (v^c sin* )8 — /t)* + vV sin* /9 cos* fi = /Lt,*e*, 

, , /c*sin*/3 2i;*csin*/3 
or e' = l+ 5 ; 

/^ /* 

, . , t?*c sin ^ cos 13 

and tan 7 = i — . o ^ - . 

' /L6-t;csin*/8 

It follows that the conic is an ellipse, parabola, or 
hyperbola, according as t?* is less than, equal to, or greater 

than — . 
c 

If 2a and 26 be the axes when the curve is an ellipse, 

A* 

and therefore 

vV sin* 13 /2v*c sin*/8 t;*c* sin* 5^ 



= a I : 

/A V /A At' 



or V = -^'-'-. 

c a 

Since any point may be regarded as the point of projec- 
tion, the velocity at the distance r is given by the equation 

^ 2fi fi 
t? = -^ — - . 
r a 

In the same manner, if the conic be a hyperbola, we 
find that 

V = 1 — . 

r a 

We can also solve this question by the use of the equation 

^^ P-Hl 

leading to — = -i^ + (7, 

which is an ellipse, parabola, or hyperbola, according as G is 
negative, zero, or positive. 

B. D. 8 
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If G= 0. the velocity = - = a /- . 

jp V r 

If the curve be an ellipse or hyperbola, the axes of which 
are 2a and 26, we find by comparison with the equation 

y_ 2aTr 
jP t 

* 

that /*= rt =-- r , if -t be the latus rectum, and that 

, A' 2l6 _ 16 

«■ = -, = —+-. 
/? r a 

102. The case in which the force varies as the distance 
has already been dealt with in Art. (81), but we can also use- 
fully employ the equation 

p'dr ^ ^"^^ 

leading to -^ = 0—iir^, 

P 

which is the equation of an ellipse. 
Comparing with the equation 

we find that C = /a (a" + 6*), and A' = /Lta'6*, and that 

ii CD be conjugate to r. 

103. Motion of a particle under the action of a repulsive 
force from a fixed point varying inversely as the square of the 
distance from that point. 

The equation of motion is 



dS"^"^ h 
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therefore w + p = -4 cos (^ — 7), 

^' 1 -. //IN 

or — . - = — 1 +6C0S (^ — 7). 

Introducing the initial conditions, we find that 

t;'csin*/9 - , v'c sinficosyS 
h 1 = e cos 7 and = — ^ sin 7; 

/* M 

^, « , ^ 2i;*csin»^ v*c'sin»/3 
therefore e = 1 H ^ H = — , 

shewing that the conic is a hyperbola. 
As in the previous case, 

, , , t;Vsin'/8 /2i;«c sin' /3 v*c"sin''/3\ 
leads to — = a ^ H «— — , 

and therefore i;* = ^ , 

a c 

Hence, any point being a point of projection, we have at 
the distance r 

v' = tr — o ^ 
a r 

104. Fath of a particle projected at the distance a with 

the velocity Jyi-r-a in the direction at right angles to the 
initial distance, and subject to the action of a central force 
which on unit mass is equal to 

fi{2{a'+b')u'-Sa'b'u'}. 

In this case h = — . a^Jii, and therefore 

a • 



^g, + u = 2{a^ + b')u'-3a'b'u'. 



8—2 
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Multiplying by 2 -^ , integrating an<l observing tha4i when 

^ = - > jb = 0, we find 
a au 

g)* = ««(oV-l)(l-6«u'). 

restoring r this becomes 

dd r 



dr JJ^iF^r^flr^-Vy 
Putting ^ = r* — 5', and integrating, we obtain 

r»-6» = (a'-6»)cos*(5-7). 
But r^a when ^ = 0, and therefore 7 = 0, and 

r» = a*cos'd-h6'sin»5 

is the orbit, which is the p edal of an ellips e with regard to its 
centre. 



VELOCITY IN AN ORBIT. 

105. If the orbit be central, the velocity is given by the 
equation 

h 

. P 
In general, whether the orbit be central or not, the 
velocity is given by the equation, 

where q is the chord of curvature in the diiection of the 
resultant force. 

For instance if the orbit be an ellipse, the force being 
directed to the centre C, and if v be the velocity at P, 
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For an ellipse, when the force is to the focus, 
^ ^ SF' ' AG '^SP AC 

m 

For a parabola, force to the focus, 

For a hyperbola, force to* the focus, 

igp2 . AC'-SP'^AG' 

For a hyperbola when the force is repulsive from the 
focus, 



^ 2 • cY_a • /I /nr ah 



2fi 



Sp* ' AG AG 8P' 
For an equiangular spiral, force to the pole. 

For the orbit, 

r* = a' cos" ^ + 6' sin" 0, Art. (104), 
it will be found that 



rt^S 



. « - ^//^ 



106. i/" a particle move in a conic section under the 
action of afcrrce to the focus ^ the velocity at any point can he 
decomposed into two constant velocitieSy one perpendicular 
to the radius vector, and the other perp&wdicular to the axis of 
the conic. 

The sides of the triangle 8PQ are perpendicular to the 
direction of the actual velocity, and to the directions in 
question. Hence the velocity, and its components are in 
the ratio of the sides of the triangle. QL being drawn per- 
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pendiculor to SP, tbe component perpendicular to 8P 



r 






= -^^ = :pi; = ^ , Art. (101). 



/Sy FG PL ^L 




and, since 80 = e . SP, the component perpendicular to the 



axis = -f . 
a 



It will be noticed that the latter component is in the 
direction PN, or -ATP, according as the body is moving 
towards, or away from, the vertex. 



TIME IN AN ORBIT. 

107. The time of passing from one point to another of 
a central orbit is in all cases determined by the equatioi 

r^d = h, that is by the fact that the area swept over by i 
radius vector is proportional to the time. 

Time of traversing an arc of a parabolic path, when 
force is to the focus. 
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The parabola being 

2a ^0 

1 + cos ^ 2 

, dt r^ a* e a*./ a\ A 

and therefore t = a^ a/- (tan « + « ^^^^ 9) » 
measuring from the vertex. 

108. Time in an ellipse when tJie force is to ilie centre. 

The equation of the ellipse being 

cos'g sin' 1 
a* "^ 4» ""r*' 

dt r" r^ 1 ah 



d0 h ahS ^yia*8in*(?4.6'cos»^' 
_ ah sec*0 

and therefore the time from the end of the transverse axis 

1 . _i a tan 
= -.^tan 1 — . 

The Periodic time is equal to the area of the curve divided 
by ^h, and 

_ irab _ 27r 
^abjfjb J]l ' 

It will b e noticed that this is indep end ent of the size of 
the^orbit. 

109. Time in an ellipse when the force is to the focus. 
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Taking -=l + cco8d as the equation of the curve, we 

T 

have 

dt ^ 7^ c* 1 



d6 h JJiic J]i' (l + ecosdy 

AT f dO __ r COS ^ + e ,^ C cos 0d0 

^^^ ^ j(l + e cos ey ";(!+ 6 cos 5)» ^^^J(l^e cos d? 

sin ^ 



1 + e cos tf 
therefore 



e J { 1+ e cos ^ (1 + e cos 0y\ ^ ' 



(1 ^ ^ j(l + e cos (9)» 1+6 cos ^ ■*■ jl + e cos ^ 



esin^ 



; tan"^ •} ^ / tan - \ , 

Vi-6'^ (V i+e 2r 



1 + e cos ^ 
and the time from the vertex is therefore, since c^a Jl — e\ 

;^P^" (VrT^^""2j" l+.cosg -|' 
The total area being irab, the periodic time 
_ 27rab __ 27ra6 _ 27ra^ 

This of course can be obtained from the preceding 
expression by taking ^ = tt, and doubling the result. 

110. Time in a hyperbola, when the force is to the 
focus. 

The process is exactly the same, only that, e being 
greater than unity, the result of the integration appears in 
the form 
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<^-i)/j 



d9 



e sin ^ 



(1+ecos^)' 1+ecos^ ^/?^l 



log 






l+./r-^tanf 
e+l*^l 



111. Tiwe m ^Ae orbit y r' = a" cos* 6 -\-h^ sin* ^. 
In this case h = ^/i, ^^ = / r^dO ; 

therefore J'jj.t = ^ (a' + fc'') ^ + i (a* - 6*) sin 20, 
and the periodic time = ^ ._ — - . 
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112. An apse in a central orbit is a point at which the 
tangent is perpendicular to the radius vector, and the length of 
the radius vector at the point is the apsidal distance. y 

We have shewn that, if the central force be a function 
of the distance, the velocity at any point and the inclination 
of the tangent to the radius vector are also functions of the 
distance, and from these facts it follows that if the motion at 
a ny point be reversed in direction, the particle will retrace 
i ts path in th^_ iippo.sitp direction . 

For, supposing the particle projected from P with a given 
velocity v to arrive at the apse A with a velocity w, the 

value of r -^ is a function of v and r, and therefore if /^^ 

arA 



r 



/ 



dr 



fSQ 

=f{r\0=\ f{r)dr, 

J SP 



rSA 

and if il>SP = a, a= f{r)dr, 

JSP 
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Now, suppose the motion reversed at A ; then the values 
of and a are the same as before, and the orbit is therefore 
retraced. 




We hence see that any apsidal line divides ike orbit 
symmetrically. 

For on arriving at A the particle is under the same 
circumstances with regard to the direction AP" as it was 
when reversed with regard to the direction AP. 

Hence it is obvious that, at an apse, the radius vector has 
a maximum or minimum value, and further that, in a central 
orbit in which the force is a unique function of the distance, 
there can only be two different apsidal distances, although 
there may be any number of apses. 

113. It follows that we cannot ensure the complete 
description of an orbit by placing a centre of force at any 
assigned point. Take for instance the case of an ellipse, and 
trace its evolute. 

The centre of force may be at the centre 0, or at anv 
point of each of the four limited lines AG, DB, EA\ FE. H^ 

If a centre of force be placed anywhere else, as at K^ the 
normal KP does not divide the orbit symmetrically, and 
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although a particle, projected from A, may describe the arc 
AF, it will not proceed. in the ellipse, but will describe the 
arc PA turned over to the other side of KP. 




The same remarks apply to an orbit of any form. 



114. If the law of attraction be inversely as the nth 
power of the distance, that is, if P = /ti^*, the equation of 
motion is 






leading to 






Hence the apsidal distances are given by the equation 

which cannot have more than two positive roots, a result in 
accordance with that of Art, (112). 
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If however the moving particle be 80 projected that 



A« 



f^ 



.n-8 



, and (7=3 



we have 



\de) 



+ w" = — + 



n-3 

(ri-l)c 

w-3 



.8 ) 



n - 1 ' (n-\)c'' 
and the equation for the apsidal distances takes the form 

(n - 1) cV= 2 (cu)*^' + w - 3. 

It is easily seen by taking the derived function that this 
equation has two equal roots, that is, that there is really only 
one apsidal distance, of length c. 

Taking n = 6 for example, we find that 

'du\^ {(? u^ - 1)' 
20^* ' 



(duV _ 
\dd) " 

fdey ^ 2c' 



and therefore 

Integrating we find that the equation of the orbit is 

r_ 2^^^"'^-l 

a curve which has an asymptotic circle of radius c. 

Hence it appears that, when projected in the manner 
described, the particle will make an infinite number of re- 
volutions before arriving at the apsidal distance of its path. 

If for another example we take w =7 2, the equation of 
the path is 



( 



or 



shewing that 



S)"--=^!-? 



du ^ . 1 
^ = 0,and« = -, 
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or that the only possible path, under the conditions stated, is 
a circle having the centre of attraction for its centre* 

In fact it will be found impossible to satisfy the conditions 
for any angle of projection which is not a right angle. 

115. The peculiarity of the preceding case is that the 
velocity of the apse is that which is suitable for circular 
motion round the centre of attraction as a centre. 






=-^1 when r = c. 

116. A particle describes a nearly circular orbit about a 
centre offeree ; it is required to find approximately the equa- 
tion of the path and the apsidal angle, ejsT^ ^ %luA: , (rk a3 .^^ nr 

If ^ if) be the force, and if the particle be projected at 
the distance c, perpendicularly to the distance with the velo- 
city ij c^ (c), it will describe a circle. 

We shall suppose the particle projected perpendicularly 
with the velocity tjc^ (c) at the distance c + 7, 7 being a very 
small quantity. 

We have then A' = (c + 7)* c^ (c), and if we suppose that 
r = c + a?, where x is very small, 

l^l^ap 
r c (} 






<f)(r)_ <^(c + a?)(c + a?)'(c + 7r 
^^^ AV "" c^ (c) 

" cV^ c^ <l>{c) cj' 
if we neglect the squares of the small quantities. 
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The differential equation then becomes 



+ 



'{-^'}-'' 



and the approximate equation of the path is 

c<f>'lc) 



r-c.-^^.^A^{^Z^'^U^al, 



3 + 



<t>(c) 



du 
at the apses, ^^ = 0, and therefore the apsidal angle is 



IT 



v/ 






If ^ (r) = ixr the apsidal angle is ^ , and if ^ (0 = 5 it is 

equal to tt. 

It will be seen that if the force vary as the nth power of 
the distance n must not be less than — 3. 

In other words if n is greater than — 3, a circular orbit 
possesses the c haracteristic of stability . 

If w = 3, the apsidal angle is infinite. In this case if the 
particle be describing a circle about the centre of attraction 
as centre, any slight divergence of path, without change of 
velocity, will cause the particle to describe an equiangular 
spiral. 

117. Case in which if> (r) = fir*", where n is a positive 
integer J the particle being projected from an apse at the distance 

c with the velocity Jfic*''^\ 

In this case the equation of motion is 

d\ 1_ 

dff" c^'^^'u'''^' 

leading to 

fduV (n + 1) {cur^ + 2 ~ (n + 3) (cur' _ 
[ddj ■*" (ri + 1) c'**^ w**^* 
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Now if we take 

f{x) = (w + l) ^**' + 2 - (n + 3) ar*\ 

we find that the equation, f{x) = 0, has two roots equal to 
unity, and, further, that for positive values of x, the function 
f{x) is always positive. 

Hence it follows, from the equation of motion, that 

-=^=0, and r= c, 
au 

or that, with the assigned conditions, a circle is the only 
possible path. 

If in this case a slight disturbance of path take place, a 
nearly circular orbit will be described, the apsidal- angle being 

irlJn + 3. 

118. Motion of a particle vmder the action of a central 
force y in a medium the resistance of which varies as the square 
of the velocity. 

Taking the transversal acceleration, we have 

r dt^ ^ ds 
or — ^. (r'd) ks, 



r 



'0dt 



« 

and therefore r^0 = Ae~*', h being a constant ; or, if p be the 
perpendicular on the tangent, 

ps = Ae"**. 
Taking the normal acceleration, 

-=sP-, or -«€^** = jPp-y-. 
p r p ^ dp 

By help of the equation 

1 ., fduV 
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this is transformed into 



-¥u = 



h'u' 



,ik9 



119. A particle is moving under the action of a centrd 
force in a resisting medium; it is required to find the resist 
ance necessary for the description of a given path. 

Taking transversal and normal accelerations, and assum^ 
ing mR as the force of resistance, 



y,(^^) = -J2?, ^=Pf; 



rdt 






therefore 



T, ips) = - Rp> and -J- {psy = - 2Rp% 



dt 



dt 



or 



^=-^-*(^^-|)- 



120. The two following problems will further illustrate 
the use of radial and transversal components, and the appli- 
cation of the principle of relative accelerations. 

Two equal particles are attached to the middle point, aid 
to the end C, of a string ABGy the end A of which is fixed on 
a smooth horizontal plane ; it is required to find the eqtiations 
of motion of the particles on the plane. 

If and ^ be the inclinations oi AB and EC to a fixed 
line on the plane, the accelerations of B along BA and 

perpendicular to it are aS^ and aO, and the accelerations of C 

relative to B along CB and perpendicular to it are o^* and 

a^. Compounding these accelerations perpendicular and 
parallel to GB, we obtain the equations of motion of 0, 

a(j> 4- ad' cos [4>-0)+ aJS" sin (<^ - e) = (1), 

a<^» + atP cos {^-0)- ad* sin {(f>-0) = T (2), 

and, for the motion of 5, 

ad=rsin(^-^) (3), 

ad'= r-.rcos(^-^) (4). 
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Eliminating T' we obtain, 

a^*sin(^-^)+a^sin(^-^)cos(<^-^)-a6>'{l + sm*(<^-5)}=0) 

(5). 

Multiplying (1) by 1 + cos (^ — ff), and subtracting (5), 

e + (<^ + 0)[l + cos {<l>-d)}- {<f>* - ^) sin (^ - ^) = 0, 

and therefore 

^ + (^ + ^){i + cos (^ - 0)} = a 




ft 

This is really the equation expressing the constancy of 
the angular momentum, and could have been written down 
at once. 

Again, eliminating 6* from (1) and (5), 

i^" sin (<^ - ^) - ^ cos {(p-0)- 26^'= ...(6). 

Multiplying (1) by 2^, (6) by 2^, and subtracting, 

244+400-h2{0^+<f>e) cos (<l>-0)-2{0-'^<i>) sin (<^-^) = 0, 

and therefore 

^' + 2ff' + 20(f> cos {<l>-0) = A 

which is the equation expressing the constancy of energy, 
and could have been written down at once by observing that 

the velocity of C is compounded of a(f} perpendicular to GB, 

,and of a0 in the direction perpendicular to BA. 

B. D. 9 
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We have given the preceding solution for the sake of 
illustrating methods and principles, but so far as the present 
problem is concerned its solution is perhaps more easily 
effected by employing rectangular components. The equa- 
tions are then, if a?, y be co-ordinates of By and f , 17 of (7, 

WW? = T' cos ^ - Tcos e, my = T sin ^ - Tsin 6, 
m j* = - T' cos ^, mij = - T' sin ^, 

« 

with the geometrical conditions, 

a? = a cos 6^ f = a cos -{-a cos ^, 

y = a sin 5, 17 = a sin ^ + a sin 0. 

Multiplying the equations of motion by 2», 2f, &c., and 
adding, we obtain 

^• + y' + f' + ^'=^; 

we also find that 

xi) - ya? + fjy - ly j' = 0, 
leading to 

wy — yx + ^--7]^ = D. 

These are the equations of energy and momentum, and 
by means of the geometrical equations are at once expressible 
in terms of and ^ as before. 

Of course the simplest solution consists in utilizing tbe 
principles of energy and of angular momentum, and at once 
writing down the two equations derived from these principles. 

121. The same system being suspended from the end A, 
it is required to determine the small oscillations in a vertical 
plane. 

Neglecting the squares of small quantities, and taking 6 
and ^ as the inclinations to the vertical, the acceleration of C 

relative to B is a^ perpendicular to CB, and that of B is aS 
perpendicular to BA\ If T and T be the tensions, the 
approximate .equatiom\ of motion, neglecting the product 



\ 
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d"siii(^— 5), and taking cos(^ — ^)=1, and sin (i^ — ^=^— ^, 
are 



for (7, 



m (a^ + ad) = — mgj> 1 
= -m(;r + rr 



and for 5, ma^' = - TngO + T' (^ - ^)1 

We hence obtain T' = mgy and T= 2m5r ; 
therefore a^* = ^r (25 - 2^), and ad* = ^ (^ - 25). 

Multiplying by X and adding 

2\ — 2 /- 

and if we assume -^ — r- = \, we find that X = ± v2. 

We hence obtain two equations of the form 

^ + Xd + ^(2-X)(<^4-X5) = 0, 

the solution of each being of the form 

^ + X5 = -4 cos w^ + 5 sin nt^ Chapter il., 

shewing that the values of and ^ are each compounded of 
harmonic quantities. 



EXAMPLES. 

1. A heavy particle is fastened by two equal strings to 
two points in a horizontal line, and then whirled round in a 
vertical plane ; the velocity is such that if one of the strings 
break when the particle is at its lowest point or when it is 
half-way between its highest and lowest points, the particle 
will continue to describe a circle ; find the least distance be- 
tween the points of suspension that this may be possible. 

9—2 
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2. If a body move in an ellipse under a force to a 
focus, the velocity at the mean distance from the centre of 
force is a mean proportional between the velocities at the 
extremities of any diameter. 

3« A particle describes an ellipse about a centre of force 
at a vertex A, IJrove that the force varies as AP-^AIP, 
where N is the foot of the perpendicular from P let fall on 
the major axis. 

4. Find the law of force to the pole when the path 
is the cardioid, r = a (1 — cos 0) ; and prove that, if J?* be the 
force at the apse, and v the velocity, 

3t;» = ^aF. 

5. If a particle be describing an ellipse about a centre of 
force in the Centre, shew that the sum of the reciprocals of its 
angular velocities about the foci is constant. 

6. A particle is describing the ellipse Z = r (1 + c cos 0) 
under the action of a force tending to the origin ; if the velo- 
city be altered at any point so as to make it describe a 
parabola, shew that the vertex of the parabola lies on the 
curve 

r = a (1 — 6 cos 0). 

7. A particle describes an ellipse about a central force in 
the focus flf, 5F is a perpendicular upon the tangent to the 
orbit; shew that the angular velocity of /SFis a minimum or 
maximum when the particle is at the farther apse according 
as the eccentricity is less or greater than 1/3. 

8. A particle is acted upon by a central force which is 
some function of the distance (r) and by a transverse force 
equal to fir. Shew that, if the particle move completely 
round any closed curve, the square of the velocity is increased 
by ifi (area of the curve). 

9. A particle describes a lemniscate about a centre of 
force in the node ; shew that the velocity of the correspond- 
ing point of the rectangular hyperbola to which the lemnis^ 
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cate is related varies as the 5th power of the radius vector of 
that point. 

10. A point moves in a plane curve and sounds as 
it moves. At a fixed point G in the plane the whole sound 
produced is heard simultaneously. Shew (i) that if the point 
moves uniformly, the curve is an equiangular spiral — (yi) if 
the point moves as in a central orbit about (7, the curve is 
a reciprocal spiral. 

11. Prove that the acceleration of a particle describing 
an epicycloid under a centre of force at the centi-e of the fixed 
circle varies as r/p*. 

12. If at any point of a parabolic orbit about the focus, 
the velocity be diminished in a given ratio, prove that the 
empty foci of the elliptic orbits cpri^espondihg' to difierent 
points of change lie in a parabola. 

13. An imperfectly elastic particle is under the influence 
of a smooth hard gravitating sphere. Shew that (excepting 
special circumstances of projection) it will perpetually describe 
arcs of conic sections: determine also the elements of the 
orbit described after any number of rebounds. 

14. From every point of an ellipse particles are projected 
in the direction of the tangent with velocities stich that, when 
acted on by a centre of force pjr^ in one of the foci of the 
ellipse, they proceed to describe parabolas. Shew that the 
directrices of these parabolas all touch one or Other of two 
fixed circles whose radii are equal to the major axis of the 
given ellipse, 

15. If v^y Vg be the velocities at the extremities of a 
diameter of an ellipse described about the focus, and u the 
velocity at either of those points when it is described about 
the centre, prove that u (t;^ + v^ is constant. 

16. Two equal and perfectly elastic particles are under 
the action of the same centre of force /^/r*; the one is 
describing an ellipse and the other a confocal hyperbola, the 
semi-major axes being (a), (a') respectively* If they impinge 
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then after impact they will describe two conies, cutting each 
other orthogonally and of semi-major axes (a, a'), where 



a a a-^a 



\a-\-a' a a J * 



the tipper or lower sign being taken according as the hyper- 
bola is described about the outer or inner focus. 

17. OF is the perpendicular from a fixed point on the 
tangent to a curve at any pK)int P. If the curve is such that 
Px is constant, and a particle describe it under the action of 
a force to 0, prove that the force varies as OP -=- Y\ 

18. A number of circles touch at a point P, and particles 
desqribe them under forces to a point 8, on the line through 
P perpendicular to the common tangent, inside all the circles, 
the forces on all the particles when at P being the same : 
prove that the squares of the periodic times vary as the cubes 
of the radii of the circles. 

19. A curve described by a particle under the action of 
a central force is such that, if at any moment the component 
velocity along the radius vector be destroyed by an impulse 
along the radius vector, the particle will proceed to describe 
a circle : prove that the curve is a reciprocal spiral. 

20. The ends of a straight tube AB, of length 4a, are 
connected by an elastic string, the natural length of which is 
2a ; a particle is fastened to the middle point of the string, 
and the tube is then made to move uniformly, in a horizontal 
plane, about a fixed point 0, with which it is rigidly con- 
nected, and which is equidistant from its ends: determine 
the motion of the particle, examining the dififerent cases 
which may occur in the question. 

21. A particle is placed in a straight tube which revolves 
uniformly in a vertical plane about its lowest end. Supposing 
the particle to have no initial velocity relatively to the tube 
and that initially the free end of the tube is vertically above 
the fixed end, prove that the velocities of the particle along 
the tube, when the tube returns successively to its initial 
position, are proportional to 
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22. Prove that the law of force under which the pedal 
of |> =f{r) can be described is 

2»^ _ r dr| 

If jj a r" the law of force under which the pedal can be 

.5-1 
described varies inversely as (distance) ". 

23. Prove that, if a particle move in a smooth tube 
under the action of any forces tending to centres, the pressure 
at any point of the tube will vary as 



(7-2--^(p'J?0}, 



where -y- is the acceleration towards any one of the centres, 

and p is the radius of curvature ; and hence, that the pres- 
sure at any point of the tube will vary as the curvature, 
whenever the orbit is such as could be described freely under 
the action of each of the forces taken separately, 

24. A particle moves in a plane under forces whose 

dV 
resultant in any direction is -7- , where ds is an element of 

the line drawn in that direction from the position of the 
particle ; prove that the polar equation of the orbit is 

In case F=/aia'cos^, and the particle be projected 
initially so that 5 == 0, A* = 2/a, find the orbit and shew that 

between ^ = and ^ = ^ > ^^ radius vector is described with 
uniform velocity. 

25. The attraction to a given point, at a distance 
r, = Sft/r* + 2fta7^. A particle is projected in a direction 
making an angle tan"^^ with the initial distance (a), and with 
a velocity equal to that in a circle at the same distance; 
determine the orbit described. 
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26. A body is describing an ellipse of eccentricity 
^ under a force to the focus 8 : when the particle is at one 
end B of the minor axis, the centre of force is suddenly 
transferred to a point 8' in -B/S produced such that BS" = 4BSy 
and the absolute force is doubled and becomes repulsive: 
prave that the new orbit is a rectangular hyperbola. 

27. If xthe orlrit be r = a sin nO, shew that the attrac- 
tion is 



,,r2nV n'-iq 



28. Force a 2auP + 9^' + 6au\ A body falls freely from 
infinity towards the centre of force till its distance is a, and 
then its direction is suddenly turned through the angle 
<X>t"^ 4 ; find the orbit described. 

29. A particle is tied by an elastic string of length a to 
a point wherein resides a.repulsive force oc (dist.)': its initial 
distance is a, and it is projected at right angles to this vdth 
a velocity = V3/2 that necessary for circular motion, were the 
force attractive. If it passes through a point of inflection at 
a distance 3a/2, shew that it will come to a second apse 
at the distance 3a. 

30. Having given P=,^w*, and that a particle is pro- 
jected from an apse at the distance c, find the orbit (1) when 
the velocity of projection is Jfi/cW2, (2) when it is »/fJL/c\ 

31. SN is a fixed line through a centre of force S; PK 
is the ordinate at any point P of the path of a particle acted 
on by the central force; find the force when the curve 
PS always bisects the triangle PNS. 

9 

32. If the path be the lemniscate the Bernoulli, the 
equation to which is r' = a*cos 20, prove that the square 
of the force varies as the seventh power of the angular 
velocity of the radius vector of the particle, 

33. A point is moving in an equiangular spiral, its 
acceleration always tending towards the pole, 8. When 
it arrives at a point P, the law of the acceleration is changed 
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to that of the direct distance, the actual acceleration at 
P being unaltered. Prove that the point will now move in 
an ellipse whose axes make equal angles with SP and 
the tangent to the spiral at P, and that the ratio of these 

axes is tan ^ : 1, where a is the angle of the spiral. 

34. A particle m is projected at a distance (a) from a fixed 
point, in a direction at right angles to that distance, with 

a velocity Jfij^aJ^^ and is acted upon by a repulsive force 
TTifjuIr^ from that point; find its* path, and prove that the 

time from the distance a to the distance a>/2 is 2j2a*/3jfjL. 

m 

35. A particle moves under a force fi {3au^ — 2 (a* — 6') t**} , 
a being > 6, and i^ projected from an apse at a distance a 4- 6 
with velocity Jfi -^ (a + 6) : shew that its orbit is 

rs=a + bcos0. 

36. If the parabolic orbits of two comets intersect 
the orbit of the earth, supposed circular, in the same two 
given points, and if t^, t^ be the times in which the comets 
respectively move from one of these points to the other, 
prove that 

the unit of time being a year. 

37. The pedal of a curve with respect to a point is 
defined to be the locus of the foot of the perpendicular drawn 
from the point on any tangent to the curve, and the pedal of 
the pedal with respect to the same point is called the second 
pedal, and so on; a particle describes the n^ pedal freely 
under the action of a force tending to that point; find the law 
of force. 

If the curve be a rectangular hyperbola, and the pedals be 
formed with respect to its centre, prove that the n*^ pedal 
will be the orbit of a particle moving under the action of 



«i»+i 



a force varying as r^*\ where r is its distance from the 
centre of force. 
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38. A particle is projected with velocity v from the 
vertex of a cycloid and describes the curve under an attraction 
to a centre of force situated on the axis at a distance from the 
vertex greater than the diameter of the generating circle and 
less than twice that diameter; prove that the particle will he 
again at an apse after a time 

a 2a*cosa + 3asin2+ 3 sin*acos a 
V ' a cos a + sin a * 

a being the radius of the generating circle of the cycloid^ and 
a the apsidal angle. 

39. A particle P describes a central orbit, centre 
of force 8y and through P is drawn a straight line at right 
angles to PS, which line touches its envelope in Q : prove 
that the velocity of Q 



oc 



^f^ + rV 



and is constant only when the path of P is a parabola, whose 
focus is 8. 

40. A particle is projected at a distance a with a velocity 
equal to the velocity in a circle at the same distance, and at 
an angle 7r/4 with distance, the force being fi (3r* + aV)/r*] 
determine the orbit described, and shew that the time to the 

centre of force is (4 — tt) a^/2j2fi. 

41. A particle is projected from an apse with the 

velocity from infinity under the attraction of a force -3 log - 

directed to a centre at a distance a : find the equation, of the 
orbit described. 

42. A point describes a serai-ellipse, bounded by the conju- 
gate axis, and its velocity, at a distance r from the focus, is 

a\--7^ — \\ , 2a being the length of the transverse axis, 

[r (2a — r)j ° 

and /a constant acceleration; prove that the acceleration of 
the point is compounded of two, each varying inversely as the 
square of the distance, one tending to the nearer focus, and 
the other from the farther focus. 
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43. If the force at a distance r be 2/a f -^ — -^J and the 
particle be projected from an apse at a distance a with a 
velocity — , it will be at a distance r from the centre after a 



a 
time 



^ ^anog '^-^^^ rj?^^. 



44. In an orbit described under the action of a central 
force, a straight line is drawn from the centre of force perpen- 
dicular to the tangent and proportional to the acceleration : 
if this straight line describes equal areas in equal times, 
shew that the equation to the orbit is of the form 

Shew that the rectangular hyperbola is a particular case. 

45. Having given P = o/xw* + 8/acV, and that a particle 
is projected from an apse at the distance c with the velocity 

ZjJklCy prove that the orbit is r = c cos 2^/3. 

46. A particle acted on by the central force /a (r + a)\i^ 
is projected from an apse at a distance a and with a velocity 

which is to that in a circle at the same distance as 1 : ^2 ; 
shew that the equation to the orbit is r (2 + Q^) = 2a, and that 

the particle will arrive at the pole in time irJc^lJSfjk. 

47. Force oc (8aV- 12aV + 9aw"-2u'). _A particle 

is projected at distance a with a velocity = ^2/3 that in 
a circle at the same distance, and in a direction making 
an angle 7r/4 with the radius vector; find the orbit described, 
and prove that its equation is r = a (1 — tan 0). 

48. Prove that there are two directions in which a 
particle, acted upon by a central force varying as the distance, 
Can be projected from a given point, with given velocity, so as 
to pass through another given point. 

49. The attraction to a fixed point varying inversely as 
the fifth power of the distance, a particle is projected in 
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a direction making the angle tan"^ ^J%l^ with the initial 

distance c, with the velocity Jl7fJL/j2c* ; prove that the 
orbit is 

50. Two heavy particles are Connected by a string with- 
out weight. .One particle is just dropped through -a hole in a 
smooth horizontal plane and the other is projected on the 
plane at right angles to the string fully stretched. 

(1) Find the least velocity of projection which will 
keep the particle from descending. 

(2) If the velocity of projection be less than this, 
determine the motion of the descending particle. 

51. A particle describes an equiangular spiral under the 
action of a central force to the pole in a medium in which 
the resistance varies as the square of the velocity. Prove 
that the distance from the pole at which the central force is 
a maximum is half the distance at which the velocity is a 
maximum, and that these distances are independent of the 
initial distance or initial velocity. 

52. Two equal particles P and Q, on a smooth horizontal 
plane, are connected with each other by a stretched inelastic 
string of length I, which passes through a smooth ring (0) 

. fixed to the plane ; P being projected perpendicularly to PQ, 
find the equation to its path, and shew that, when Q arrives 
at (0), P will have described a right angle about (0) if the 
initial distance of P firom it be equal to I cos 7r/2 iJ2, 

53. A rod which is extensible in accordance with Hooka's 
law is made to rotate with uniform angular velocity co, about 
a line through one extremity perpendicular to its length, and 
is supposed to remain straight. If a be its natural length. 
m the mass of unit of length when unstretched, E its modulus 
of elasticity, and I its length when rotating, shew that 



^=^\/i**^hy3' 
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that tbe stress on the axis is 



JS?|seca©A/^-lL 



and that the rod must break before its angular velocity is 

54. A wire in the form of a plane curve is constrained 
to rotate about an axis perpendicular to its plane with 
varying angular velocity. Find the motion of a bead which 
slides upon it under the action of any given forces, and the 
pressure on the wire. 

If the wire is circular, and the axis through a point in 
its circumference, and the angular velocity cd uniform, shew 
that the pressures on the curve at the two extremities of 
the diameter perpendicular t6 that through the axis are 
(3 ± 2V2) mw'a, the. particle starting from rest at a point 
near the axis. Draw a figure to indicate at which of these 
points the pressure is the greater, a^d the direction of that 
pressure. 

55. A small smooth ring can move upon a smooth cir- 
cular wire which is m^e to roll with uniform angular 
"velocity to on the outside of a horizontal circle of n times its 
radius : prove that the angle through which the ring will 
have revolved with respect to the wire at a time t is • 

{(n + 1)^ — Wft)<}/(w + l) where ^ = o)' sin 0/(n + 1). 

56. Two particles P, Q, of equal mass, slide upon a 
smooth endless string OPQ, which passes through a small 
smooth ring at 0, and lies on a smooth horizontal plane. 
OP is initially equal to OQ, and the particles are projected 
with equal velocities along the external bisectors of the angles 
OPQ, OQP respectively ; prove that, throughout the motion, 
the tension of the string varies inversely as OP, 

57. A particle of mass m is attached to a fixed point by 
an elastic string of natural length a, and whose coefficient of 
^elasticity is m. It is projected with the velocity due to half 
the length of the string in a direction perpendicular to the 
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string which is initially unstretched. Prove that the apsidal 
distajices of its orbit are given by 

a»(r«-a*)-r»(r-a)*=0. 

58. A body is moving in a uniform resisting medinm, 
the resistance of which varies as the n*^ power of the velocity, 
under the action of a force varying inversely as the square of 
the distance ; find the value of n in order that the path may 
be an equiangular spiral. 

59. Two centres of force fir, fir\ tend to two fixed points 
8, 8', the former being attractive and the latter repulsive. 
Prove that a particle under their influence moves in such a 
way that 

c being a constant and 0, ff the angles that r, r make 
with 88' . 

60. A smooth circular tube is fixed at one point A and 
contains a particle which is initially at rest at the opposite 
extremity of the diameter through A. The tube is then 
made to revolve in its own plane with a uniform angular 
velocity ©; shew that the angle described by the particle 
about the centre of the tube in the time t is 



4 tan 



_l /€«^ - 1^ 



( 



e**^-*-!. 



61. A heavy particle is attached to a fixed point by 
means of an elastic string of natural length 3a, whose coeffi- 
cient of elasticity is six times the weight of the particle; 
when the string is at its natural length and the particle 
vertically above the point of attachment the particle is pro- 
jected horizontally with a velocity 3 \lagl\/^ ; prove that the 
angular velocity of the string will be constant and that the 
particle will describe the curve r = a (4 — cos 6). 

62. Prove that the central force tending to the pole 
which causes a particle to describe an equiangular spiral in s 
homogeneous medium wherein the resistance varies as the 
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a^ power of the velocity (the initial velocity having been 

_«_ 

properly chosen) varies inversely as (r)*"* where r is the 
distance of any point from the pole. Find also the velocity 
ftt any point in terms of r. Examine the cases where n = 2 
or 1. 

63. Shew that a particle may be made to describe an 
epicycloid under the attraction of a circular wire whose 
particles attract inversely as the cube of the distance, the 
circular wire being the fixed circle of the epicycloid 

64. A heavy particle is free to move on a smooth elliptic 
wire which is moveable in a vertical plane about its centre. 
The wire is placed with its major axis vertical and the 
particle at the highest point. The wire is then suddenly 

started to rotate with a constant angular velocity a / ^ , 

where a, b are the semi-axes of the ellipse. Shew that the 
particle will move relatively to the ellipse as if it were acted 
upon by a force to the centre varying as the distance. 

65. A particle m is projected from an apse at distance c 
with velocity j2fjLC^/j3. The force to the centre being 
m/J^ (r^ — c*r), prove that the orbit is od* +y* = c\ 

66. When the forces have a potential equal to fir^ cos 
and a particle is projected at a distance a perpendicular 

to the initial line with velocity 2jfJL/a, then the orbit de- 
scribed is 

r = a sec [J2 log tan ^^— j . 

67. A particle acted upon by a constant repulsive central 
force, is projected at right angles to the initial distance with 
a velocity double that which would be required in moving 
from the centre of force to the point of projection; prova 
that the orbit is 

. _i Ir — a 1 . _, Ir — a 



■m 
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68. A smooth circular wire rotates uniformly in its own 
plane, which is horizontal, about a fixed point, the distance oi 
which from its centre is one-third of its radius, and a bead 
which can move on the wire is attached to it at the point 
nearest the fixed point. If the bead be set free, prove that it 
will make complete revolutions, and that, at the angular 
distance sec"* 3, its pressure on the wire will vanish. 

69. A particle is projected towards the origin from 
infinity with any velocity, and is acted upon by a force fivt at 
right angles to the radius vector ; shew that it will describe 

a curve of the family, u = a6rjA0\ where J^{x) is the Bessel's 

function of the n*** order, and find the velocity of projection 
in order that a particular curve may be described. 
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122. If mT and mN be the forces acting on a particle of 

mass m in directions of the tangent and normal, the equatioDS 

of motion are 

dv 
ms^ mT, or mv J- = mT, 

as 

and m - = mN. 

P 

"We have already made a slight use of the expression for 
normal acceleration in article (96); we now proceed to 
develope, somewhat at length, the utilization of these 
expressions. 

Motion of a heavy particle on a smooth curve in a vertical 
plane. 

• Measuring x horizontally, and y vertically downwards, and 
taking R as the normal reaction of the curve, measured 
outwards, the equations of motion are 

dv dy v^ dx y^ 

mv -T- = mg -^ , m - = mg -7 — JK. 

The first equation gives 

\m (v^ - u^) = 7ng {y - y'), 
if u be the velocity when y^yf^ 

B. D. 10 
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This ia, in effect, the equation of energy, and can be 
written down at once from the assumption of the truth of 
the principle of energy. 

The second equation determines^the pressure. 

123. Motion of a particle on a smooth curve under tia 
action of forces to fixed centres, the forces being functions ofik 
distances from those centres. 

If r, /,... be the distances of the particle from the 
centres of force, and mP, mP\., the forces, the equations of 
motion are 

dv dr dr 

as ds ds 



V 



de 



.dff 



m - = mPr -j-+mPr* , 
p a^ ds 



+ . . • + jR, 



From the first, 



Jmt;'=2 jmPdr; 



this, which is the equation of energy, gives the velocity 
the second equation determines the pressure. 

124. Motion of a heavy particle, placed on the outside oj^ 
smooth circle and allowed to slide down. 




If the particle start from the point Q, at an angular 
distance a from the vertex, and v be the velocity at P, 

v^ = 25ra (cos a — cos ff), 
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mv 



and — =iw5tcos^ — -K, R being the outward reaction of 



a 



the curve, 



/. -H = m5r(3cos5 — 2cosa), 



shewing that the pressure vanishes, and that the particle 
flies off the curve, when 

cos ^ = J cos a, 

125. Motion of a heavy particle inside a smooth circular 
tube in a vertical plane. 

We shall suppose that the particle starts with a given 
velocity u from the lo\7est point B, 




Measuring 6 upwards, the equation of energy is 
\m(f — V?) = — TTiga (1 — cos 6), 
and the equation for the pressure is 



mv 



a 



-=R—mg cos 0, 



M being the pressure, inwards, of the tube on the particle. 



7? "?/* 

.-. — = 3acos^-25r + — • 
m *^ a 



10—2 
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To find the height of ascent we put v = 0, and to find the 
point where the pressure vanishes we put -B = 0. 

(1) Take w* < 2ga ; then the highest point is given by 
2ga cos = 2ga — u*, and the pressure never vanishes. 

(2) If u* » 2gaf the particle rises to C and the pressore 
then vanishes. 

(3) If u* > 2ga and. < 4gra, the highest point is given by 

^ I/* — 2ga 

and the pressure vanishes, and changes sign, when 

a u* — 2qa 
3ga 

(4) If M* > 4iga and < Bga, the particle rises to A and 
passes over and the pressure vanishes when 

>, tt' — 2flra 

(5) If u^= 5ga, the pressure vanishes at A. 

(6) If u^ > 5ga, the pressure never changes sign. 



Oscillation of a Pendulum, 

126. A heavy particle, suspended by a string from a 
fixed point, and oscillating in a vertical plane, forms a simple 
pendulum. 

Measuring from the vertical, and observing that if a be 
the length of the string, s = a0, the equation of motion is 

a0 = — g sin 0. 

If the amplitude of oscillation be veiy small, the approx- 
imate equation is 

'0 + ^0^0, 
a 

and therefore = A cos 



l^/l'^')■ 
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This represents isochronous vibrations, the time of 
a complete vibration being 27r a/ - • 



Finite motion of a Pendulum. 

Recurring to the equation, a0 = -g sin 0, and supposing 
the •pendulum to start at an inclination a to the vertical, 
vre obtain 

a&^ = 2g (cos ^ — cos a), 

and therefore if t be the time of oscillation, from one side to 
the other. 



-Vi/. 



dd /a /•* d0 




2g Jo Vcos^— cosa y 9 \ / - ^^ol , ^0 

sm ^ — sm t; 



B a 

Putting sin ^ = sin ^ sin yfr, this transfo]:i3is into 



= 2 '"■ ^ 



^J^yi-8in«|smV 
If be the angle at the time t from the lowest point, 



t 






1 



1 50 MOTION ON 

or, in the notation of Jacobi and Guderman, 

and the height of the bob of the pendulum = 2a sin* ^ 



= 2a sin' ^ 5n* (\/ - M , »w^d . sin ^ . 



127. Motion of a heavy particle on the arc of a sip,oolk 
cycloid, having its vertex downwards, and aocis vertical. 

Measuring <f> from the tangent at the vertex, the intrinsic 
equation of a cycloid is 

5 = 4a sin <f>, 
and the equation of motion is 

s = — 5f sin 0, or s + ^ 5 = ; 
.'. « = -4 cos 



(\/£*+«)' 



shewing that the motion is an isochronous vibration, the 
period of a complete vibration being 



47r 



vf- 



128. Motion of a particle in a smooth circular tithe under 
the action of a force to a fixed point varying as the distant^ 
from that point. 

Take a as the radius of the circle, and c as the distance of 
the centre of force S from the centre (7. 

Resolving along the tangent, the equation of motion is 

^^ cj-nm dr 
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and therefore v^ = fi{(c + ay - r'} = 2/xac (1 - cos 0), supposing 
the particle to start from A. 




If R be the pressure on the particle, measured inwards, 
= m/xr cos CPS + R = mfiPN+ R, 



mi? 



a 

or ma(P = mfi {a + c cos 0) + R, 

therefore ^ = w/a (2c - a - 3c cos 0), 

129. Motion of a particle on the arc of a smooth equi- 
angular spiral under the action of a force from the pole. 

If mP be the force from the pole, and R the pressure 
measured inwards, we have 

dv Ti mv'sina ^ . -r. 

t; ^ = P cos a, = mP sma - R. 

as r 

In the case in which P= /i/r' these equations give 

dv fi J g. /I 1\ 

V 3- = — 2 , or, v' = 2/x , 

dr 7^ \a rj 

if the particle start with no initial motion from the distance 
a, and the second equation determines the pressure. 
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We also have 
dr 



-T, = i; cos a = cos a 
at 



■J 



2/i (r - a) 



ar 



and therefore the time from the starting point to the distance 
b is equal to 

* Jar dr 



I. 



a GOB a J2fi{r- a)' 

130. Motion of a particle on the arc of a smooth hypocy- 
chid, under the action of a force to the centre 'Varying a^ tiie 
distance. 

Taking BAB' as the arc of the hypocycloid, of which A is 
the vertex, measure the arc from A. 

In the figure C being the centre of the rolling dircle of 
radius 6, Q is the instantaneous centre, and EP, PQ are the 
tangent and normal to the hypocycloid at P. 




The angle YOA being 0, we see that 
and p = OF=(a — 2&)cos ^ = (a — 26) cos - 



2b 



0-26' 
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The curve being convex to the point 0, 

ds _ cPp __ 46 (a — 6) . a^ 

and therefore « = 4 - (a — 6) sin — ^. 
The equation of motion is 

« = - /lOPcos opr= -/*Pr=Ai J , 

46 (a — 0) 
shewing that the motion is oscillatory and isochronous. 

A geometrical proof of the isochronism of the hypocycloid 
will be found in the Principia, Book I., Section X. 

If we make the radius of the circle infinitely large, and 
the quantity fi infinitely small, and take fia = gj we fall upon 
the case of cycloidal motion, and the above equation becomes 

s + -^8 = 0, as in Art (127). 

131. Motion of a particle sliding on a rough curve. 

The equations of motion are, if B be the pressure, 
measured inwards, and /it the coefficient of friction, 

m — = mN+R. 
P 

Taking the case, for instance, of a heavy particle sliding 
upwards on the arc of a curve in a vertical plane, we have 

mv-r = '- mg sin ^ — [jlB, 

m— = R'' mg cos 0, 
where ^ is the inclination of the tangent to the horizon. 
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HeDce V -T- + fi — ^^—g (sin ^ + ft cos ^), 

d V* 
or, -^ + 2fi^ = — 2gp (sin + /^ cos <f>), 

and, the intrinsic equation 8=f{^) being given, p =/' (^), 
the equation is that of Chapter II. (1). 

132. Motion of a heavy particle in a medium the resistance 
of which varies as the square of the velocity. 

Measuring ^ downwards from a horizontal line, the 
equations of motion are 

v -T- = ^r sin ^ — An;*, and — =5r cos ^. 

The second equation shews that for a given velocity the 
curvature is independent of the resistance, a theorem which 
is true for motion in any resisting medium under any forces. 

Eliminating v we obtain 

cos ^ -^ — 3p sin ^ + 2kp^ cos ^ = 0, 

or, TT ( - ) + 3 tan A . - = 2i, leading to 

sec' <f) 

= k {tan ^ sec ^ + log (tan <f> + sec <f>)} + C, 

r 

and this is the intrinsic equation of the path. 

133. The question sometimes arises whether a given 

curve can be described by a particle under the action of forces 

to two or more fixed points. In such cases we obtain equations 

dv 1/ 
for V J- and — , and the value of v' obtained by integrating the 

first must be identified with the value of v^ obtained from 
the second. 

If for instance the curve be an ellipse and the forces 

^ and ^ to the two foci, we have 
r IT 

dv ^ fi dr pi d/ 
ds r^ ds r'^ ds^ 

— = ^ sin <^ + -^ sm 0. 
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From these equations, 



and 



AC 



^ II TV tl TV . . , 

tr = ^ . h -T« — since p sm © 

__2/i» 2/j0 fi /Li' 
r r a a 

and the values of v^ are the same if 

a a ' 



134. Motion of a particle fastened to a string which is 
wound round a fixed curve. 

Suppose that when the string is completely wound up, 
the particle is at A, and measure s and (f> from A and the 
tangent at A. 




Then PQ = «, and the path of P is an involute of the 
curve, its radius of curvature being PQ. 

Taking mS and mN as the forces perpendicular and 
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parallel to the string, and T as the tension^ the equa4iozis of 
motion are 

dcr p 

a being an arc of the path, or 

8dq> 8 

If there are no acting forces, v is constant, and the tension 
varies inversely as PQ. 

Ex. Let the curve -he a circle and the acting Jbrce a 
repulsive force from the cerUre varying as the distance. 

In this case '^~T ~ A"*> 

so that the motion is uniformly accelerated, and 

so that, if the particle start from rest at A, 

T = 2m/is. 

135. Motion of a string or fine chain inside a smooth tube 
of any shape under the action of given forces. 

Taking AB as the chain, we let s represent the length 
OA of the axis of the tube, measured from a fixed point 0, 
and let cr represent the length AP of the chain. 

Then if T be the tension at P and T + SiT at Q, and .B&r 
be the pressure of the tube on the element PQ, the equations 
of motion of the element, the mass of which is mScr, are, ob- 
serving that the velocity and the tangential acceleration of 
every point of the chain are the same, 

wS<r . » = £2^+ mBaS, 
and mda- — = T h mB<TN'+ RS<r, 



mv^ 
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where S and N are the tangential and normal forces per unit 
of mass. 




Taking I as the length of chain and integrating the first 
equation &om A to B, 

ls= I Sda, 

J 

and the second equation gives 



s 



.* fp 



E = m mK 

P P 

As a particular case consider the motion of a heavy chain 
inside a smooth circular tvhe in a vertical plane. 

Measuring from the vertical radius, and from OA, take 
(70^ = ^, and ^0P = ^. 

The equation of motion of the element PQ, or maS^, is 

•maS^ . ad = maS^ . g sin {0 + ^) + BT, 
and therefore taking a as the angle subtended by the string, 
ma*(f)d = T— mga cos (0 + <f>) + mga cos 0, 



n 
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and aad = g {cos — cos (9 + a)} = 2g sin ( ^ + ^J sin |, 

aa^" = 25rsin ^ ]cos | "" ^^^ Td + |U , 



whence 

if the end A start from C, 




For the rate of pressure at any point, 

maB^ . a^ = mahj) . g cos (5 + ^) + TS^ — Rai<f>y 
or -Ba = wgra cos (5 + <^) + T— 7na^6^. 

136. Motion of a piece of fine chain inside a smooik 
circular tvhe which is revolving in its own plane about a point 
in its circumference, 

AB being the chain, let EGA = 0, and AGP = ^. 

The acceleration of the point P with regard to (7, in 
direction of the tangent is 

d? 
a^a(^ + </>), or a0, 



i 
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and the acceleration of C is ay^a in the direction CO ; there- 
fore the equation of motion of the element PQ is 

maS(l> {a9 + co'a sin {9 + <l>)] = ST, 




and, integrating from A to £, that is from ^ = to = cr, 
aO = 6>' {cos — cos {0 + a)} = 2a)' sin (0 -h ^) sin ^ , 

and therefore a^ = C — 4(o' sin ^ cos f ^ + ^ j , 

the constant being determined by initial conditions. 

137. The equations of motion of a free string in a plane 
under the action of given forces in the plane. 

If, at any instant, u and v be the tangential and normal 
velocities of point P of the string, and <j} the angular velocity 
of the tangent, the accelerations of P are 

ii — v^, and i) + u^. 
Hence the equations of motion of an element PQ are 

mBs {u — v^) = ST+ mSs . S, 

• OS 

mSs {v + u(j>) — T — + mSs . iV, 

r 
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p being the radius of curvature, of the string at jPandm^ 
mN the forces per unit of length, 

or «i (li — v^) = -7- + mS, m{v + u^) = — h mN. 

The string being inextensible, the geometrical condition 
is that the motion of Q relative to P is ultimately perpen- 
dicular to PQ, and leads to the equations, 

{u + iu) cos S-^ — (v + iv) sin S^ = w, 

S<^ _ (u + Sv) cos S^ + (i* + Su) sin S-^ — v 
Jt^ is ' 

Si^ being the angle between the tangents at P and Q; or 
ultimately 

ds p* dt da p' 

138. A particular case is that of an endless chain originally 
at rest under the action of conservative forces, and the 
reactions of smooth curves, and set in motion in such a 
manner that each point of the chain begins to move in the 
direction of the tangent at the point. 

In this case the chain will retain its form. 

For, if V be the velocity of each point of the chain, 
the equations of motion of an element hs are, 

= 7nS5. P + Sr, mis - = mSs . Q + =^; 

P P 

or = mP + ^(r-mi;'), = mQ + -(r-mv'), 

leading to i'+^(Qp) = 0, 

as the equation giving the form of the curve when there is 
no motion, and it therefore follows that the chain retains its 
form, but that the tension at each point is increased by mv*. 
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This question is discussed in the solutions of the Tripos 
Questions for 1854 by Mr Walton and the late Bishop 
Mackenzie. 

Mr W. Froude, in a letter in Naiure, in November 1875, 
described the experimental fact that a heavy endless chain, 
placed over a drum, and made to revolve rapidly, retains 
unchanged the catenary form which it assumes when not 
in motion ; and further that if an indentation in the form 
be made by a blow from a heavy hammer, the inden- 
tation, if the rotation be very rapid, remains for a considerable 
time. 

In the latter case the tension becomes so great that the 
action of gravity is unimportant, although of course, the 
action of gravity will, in time, remove the indentation and 
restore the catenary form. 

139. Tlie equation for determining the initial tension of 
a string. 

The problem to be considered is that of a string on the 
point of motion, under the action of given forces, as for 
instance a string which being in equilibriuth is cut at any 
point. 

Let PQ {is) be an element of the string, and mSs.8, 
niSsN the tangential and normal forces acting upon it. 

Take a, /8, a + Sa, j3-\-80 as the tangential and normal 
accelerations at P and Q respectively, and T^ T+BT os the 
initial tensions at P and Q. 

Then, S(f> being the angle between the tangents at P 
and Q, 

mBs .a = ST+mBs . 8, and m&./S = (7+ ST) smB<f> + mBsN, 

dT . r. r. T 

P 
where p is the radius of curvature. 

We have also the geometrical condition that the accele- 
rations oi Pand Q in the direction PQ are the same; and 

B. D. 11 



or, ultimately, m% = -T- + mS, myS = — + mN^ 
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hence, S^ being the angle between PQ produced and the 
tangent at Q, we obtain 

(a + Sa) cos S^ - a - (/9 + S/S) sin S<f> = 0, 
or, ultimately, -j — — = 0, 

and, therefore, from the mechanical equations above, 

If one end of the string be fixed, we have, in detei-mining 
the constants resulting from integration, to introduce the con- 
dition that the tangential acceleration at the fixed point is 
zero, and, if either end of the string be moveable on a fixed 
curve, the condition thereby introduced is that the accele- 
ration of that end of the string in the direction of the normal 
to the curve is zero. 

Mathematical Journal, 1864. 

For example suppose that a catenary, the upper ends of 
which are fixed, is severed at the vertex. 

Wo have s = ctan<^, fif = — ^rsinc^, N'=i^gcos<t>, 

and therefore j- = — 5^ cos -j^ = — , 

ds ^ ^ ds p 

The equation is ~tt = ~ > or, transforming, 

^2Cos<^-2^-^sin0-rcos0 = O. 

Integrating -^ cos <^ — Tsin <f>^ C, 

and therefore T cos ^ = (7<^ + (7. 

I{<f>^0, r=0, and Tcos^=C<l>. 
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If a be the value of ^ at the upper end, 

dT 

— — mg sin ^ = 0, when ^ = 7, 

as 

, . , . ^ more sin 7 

which gives (7= e-^ . 

° cos 7 + 7 sm 7 

For anotJier example take the ca^e of a catenary the ends 
of which, held apart, can slide on a smooth horizontal rod, and 
imagine the ends let go. 

In this case, as before, 

Tcos^=C(f>+G\ 

but the geometrical conditions are that the tangential accele- 
ration of the vertex is zero, and the vertical acceleration of 
each end zero. 

jrp 

Therefore -;y- = 0, when ^ = 0, which gives (7=0, and 

r=C"sec^, 

and a sin 7 + ^ cos 7 = 0, when <^ = 7, 

leading to C = mgc and T = mgc sec <f>. 

The vertex has no initial acceleration, and the horizontal 
acceleration of each end is g sin 7 (1 — sin 7). 

140. A heavy chain, lying on a smooth horizontal plane, 
receives tangential impulses at one or both ends; it is required 
to find the impulsive tension at any point, and the direction of 
the initial motion. 

Taking u and v as the tangential and normal velocities of 
a point P of the chain, and T as the impulsive tension at P, 
the equations of motion of an element PQ are 

mSs .u^ST, mSs . v = T — ; 

P 

dT . T 

or mu = -T- y and mv = — : 

as p 

11—2 
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and we have besides the equation of continuity expressing the 
fact that in the limit, the velocity of Q in direction of the 
tangent at P is the same as the velocity of -P in that 
direction. 

This condition gives us 

(u + Bu) cos B<f>'-(v + Bv) sin B<}> = u, 

du du V 

or 31 = v> or -J- = - , 

a(f> as p 

We hence obtain for the impulsive tension, the equation, 

If the chain be heterogeneous, that is, if m be a vajriable 
quantity, the equation is 

d'T 1 dmdT^T 
ds^ m ds ds p^' 

As an example take the case of a piece of chain in the 
form of a portion of a catenary ^ bounded by a chord paralld 
to its directrix, and suppose that equal tangential jerks are 
applied simultaneously at its two ends. 

Since 5 = c tan <^, we obtain 

cos <f> -7-ji — 2 sin ^ -rr — 2^cos ^ = 0, 

and therefore jT cos ^ = (7^ + (?'• 

At the vertex, t* = 0, and at each end, T=P,\i P be the 
tangential jerk ; and we obtain, 7 being the extreme 
deflection, 

Tcos = P cos 7. 

Moreover mcu = P cos 7 sin ^, and mcv = P cos 7 cos ^, 

and therefore v = u cot ^, 

shewing that every point of the chain begins to move in the 
direction parallel to the axis of the catenary. 
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Ex. (2). If a chain in the form of a quadrant of a circle , 
the density at any point of which, measured from one end varies 
as €*, receive a tangential jerk at the other end, we have 

1 dm __1 
m ds a* 
and our equation is 

dt^ dd ' 

the integral of which is given in Chapter II., and the geome- 
trical conditions are that 

T= 0, when ^ = 0, and that r = P when ^ = ^ ; 

these conditions determine the two constants of integration. 



EXAMPLES. 

1. A lamina, in the form of a regular polygon, is placed 
flat on a smooth horizontal plane, and fastened to the plane ; 
a string, the length of which is equal to the perimeter of the 
polygon, is wound round it, one end being attached to an 
angular point, and the other end carrying a particle ; if the 
particle be projected horizontally, at right angles to the 
string, find the time after which the string will be wound up 
again, and its greatest and least tensions. If the lamina be 
held in a vertical plane, and the particle be projected in the 
same plane, with an initial velocity suflBcient to keep the 
string always stretched, find its velocity at the instant the 
whole string becomes straight, the side of the lamina with 
which the particle is initially in contact being horizontal and 
downwards. 

2. A small bead is projected with any velocity along a 
circular wire under the action of a force varying inversely as 
the fifth power of the distance from a centre of force situated 
in the circumference. Prove that the pressure on the wire is 
constant. 
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3. A particle is placed at the extremity of the vertical 
minor axis of a smooth ellipse and is just d^turbed. Shew 
that if it quit the ellipse at the end of the latus rectum the 
eccentricity must satisfy the equation ^ + 5e* + 3e* = 5. 

4. If a particle hanging vertically by a string be pro- 
jected horizontally, and rise to a point i^, and there leave the 
circular motion, shew that if it recommences circular motion 
At Q, PQ and the tangent at P to the circle will make equal 
angles with the vertical, 

5. If a particle move under the action of forces P, Y, 
to any number of fixed points, and if q, ((,.., \i^ the chords of 
curvature of the path in directions of these forces, 

2wv"=2(Pg). 

6. A uniform circular ring rotates uniformly in a hori- 
zontal plane about its centre. Shew that the greatest possi- 
ble linear velocity of its particles is independent of the mdius 
of the circle and of the cross section of the ring. 

Find the breaking tension in pounds per square inch 
in the case of a uniform ring of radius a feet which is on the 
point of breaking when it makes n revolutions a second, 
the weight of a cubic inch of the material of the ring being 
that of c ounces. 

7. Two equal particles which repel each other with 
a force = yi. (distance)"® are placed on the inner surface of a 
smooth sphere (rad. a), and their initial distance subtends 
an -^ 2at at the centre : shew that they will perform isochro- 
nous oscillations in intervals = 27ra' ^2 sin a/^//*. 

8. A particle descends the arc of a smooth cycloid whose 
axis is vertical from the base to the vertex. 

If a horizontal line through the particle meet the circle 
described on the axis of the cycloid in Q, the velocity of 
approach of the particle to Q is constant and equal to half the 
velocity of the particle at the vertex of the cycloid. 

9. A particle is placed very near the vertex of a smooth 
cycloid, 5 = 4a sin ^, axis vertical and vertex upwards ; find 
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where the particle runs ofif the curve, and prove that it falls 

upon the base of the cycloid at the distance (7r/2 + ^) a 
from the centre of the base. 

10. A heavy particle slides, from a cusp, down the arc of 
a rough cycloid, the axis of which is vertical ; prove that its 
velocity at the vertex will bear to the velocity at the same 
point when the cycloid is smooth the ratio of 

11. If a pendulum oscillate in a medium the resistance 
of which varies as the velocity, prove that the oscillations are 
isochronous. 

12. Two imperfectly elastic particles are constrained to 
move on a cycloid, whose axis is vertical ; they are let fall 
simultaneously from different points of the cycloid; deter- 
mine the energy of the particles immediately after the 
n^ collision, and the ultimate loss of energy, as the number 
of collisions increases without limit. 

13. Two particles are let drop from the cusp of a 
cycloid down the curve at an interval of time t : prove that 
they will meet at a time 



27r 



Vi^ 



after the starting of the first particle, a being the radius of 
the generating circle. 

14. Two equal smooth circles are fixed so as to touch the 
same horizontal plane, their planes being at diflerent inclina- 
tions; two small heavy beads are projected at the same 
instant along these circles from their lowest points, the 
velocity of each bead being that due to the height of the 
highest point of the other circle above the horizontal plane ; 
shew that during the motion the two beads will always be at 
equal heights above the horizontal plane. 

15. A particle is attached to a point in a rough plane 
inclined to the horizon at an angle a, originally the string is 
its natural length ; prove that the particle will not oscilktte 
unless tan a > 3/i, where fi is the coefficient of friction* 
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Between what limits must /a lie in order that the particle 
may come to rest at the end of its w^ semi-oscillation ? 

16. A fine parabolic groove has its axis vertical and 
vertex downwards, an elastic string has one extremity at- 
tached to the focus, and the other to a particle in the groove; 
the natural length of the string equals one-fourth the latus 
rectum, and the weight of the particle is such as to stretch 
the string to twice its natural length ; determine the position 
of equilibrium, and shew that the time of a small oscillation 

about it is 27r J'lajg. 

17. If a particle, mass m, be acted upon by equal 
constant forces mfixi the directions of the tangent and normal 
to its path, and if the resistance be mfv^jl^, prove that the 
intrinsic equation of the path is 

i»(e*^-l)=w«(e2*-l), 
u being the velocity of projection. 

18. Two elastic strings the natural length of each d 
which is ^Tra, are fastened at a point P in a circlar tube 
(radius a) of small bore ; the strings are stretched in opposite 
directions, and their other extremities fastened to a particle 
of given weight. If the plane of the tube be horizontal, and 
the particle be displaced from its position of equilibrium 
through an angle less than 7r/2, shew that the time of an os- 
cillation is independent of the extent of the displacement. 

19. A heavy particle is projected upwards from the 
vertex, within a smooth parabola whose axis is horizontal, 
with the velocity due to a fall down the latus rectum (4a). 
Investigate the subsequent motion, and shew that the particle 
impinges upon the parabola again, at a distance 3a VI 3 from 
the vertex, with a velocity that bears to the velocity of pro- 
jection the ratio tj^ : \/2. 

20. A particle describes a circular arc under the action 
of a constant force not tending to the centre ; shew that it 
will oscillate through a quadrant. 
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21. A particle is moving on the convex side of a rough 
equiangular spiral towards the pole, under the action of a 
force to the pole = kv, where v is the velocity at distance r. 
If V be the velocity at distance a, and t the time of moving 
from distance r to distance a, shew that, /^ being the coeffi- 
cient of friction, 

^+/»tentt _ ^1+^tana -. a^ °'r C0 Sa4-|iSi na ^ __ g(-ooBa+,iBina)«#| 

K cosa— /Ltsinz^ ^' 

where a is the angle of the spiral. 

22. Having given that the normal acceleration varies as 
the square of the velocity parallel to the axis of x, find the 
path; and prove that if this path be described under the 
action of a force parallel to the axis of y, then the whole 
acceleration at any point is proportional to the velocity. . 

23. If the curve whose intrinsic equation, referred to a 
horizontal tangent, is «' sin = a' be described by a particle 
under the action of gravity, find the time of descent from any 
point of the curve to the horizontal tangent. 

24. A particle, mass wi, moves in a smooth circular tube 
of radius a, under the action of a force, fim (distance), to a 
point inside the circle at a distance c from its centre ; if the 
particle be placed very nearly at its greatest distance from 
the centre ,of force, prove that it will pass over the quadrant 
ending at its least distance in the time 

^/alog(^/2 + l)/^//iic. 

25. A particle P attached by a string of length a to a 
fixed point G describes a circle in one plane, under the action 
of a uniform repulsive force y emanating from a fixed point 
; OG being = c and >a. If F be the velocity of the 
particle when at its greatest distance from and v its velocity 
after describing an i: ^ from that position, shew that 

t;"= F"-2/{c + a- Vc'+a^ + 2accos^}. 
Find also the tension of the string and shew that 
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26. A heavy particle is projected in a resisting medinm; 
if v be the velocity at any time, <f} the inclination to the 
vertical of the direction of motion, and f the retardation, 
prove that 

-^ + cot^+— /-.=0. 

If /= /it^, find V in terms of ^. 

27. Prove that the curve possessing the property that 
the product of the distances of any point on it from two fixed 
points is constant, may be described with uniform velocity 
under the action of two forces, each tending to one of the 
fixed points, and varying as the distance from the other, the 
absolute intensities of the forces being the same. 

28. Prove that a particle can describe a parabola under 
a repulsive force in the focus varying as the distance and 
another force parallel to the axis always of three times the 
magnitude of the former; and that if two equal particles 
describe the same parabola under the action of these forces, 
their directions of motion will always intersect on a fixed 
confocal parabola. 

29. Find the time of a small oscillation of a particle 
suspended from a point by a string of length I, when the 
square of a, the angle of oscillation, is neglected ; and shew 

that the time will he ir(l ^y^j a/ -, if the approximation 

include the square of a. 

A weight is drawn up uniformly and slowly with velocity 
u by means of a crane ; shew that the times of small oscilla- 
tions will decrease at first in arithmetical progression, the 
common diflference being ir*u/2g, 

30. Two equal particles, connected by a fine string, are 
placed in a circular tube, to one point of which they are 
attracted with a force varying inversely as the distance ; one 
of the particles being initially at its greatest distance fixnn 
the centre of force, and v, v being the velocities with whick 
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they successively pass through the point whose dStance from 
the centre of force is 90^ shew that € ** + e"** = 1. 

31. Two equal particles are connected by a string passing 
through a small hole in a smooth horizontal table, one 
particle hanging down, and the other held on the table ; if 
the latter be projected along the table at right angles to the 

string with the velocity V2^c, prove that the initial radius of 
curvature of its path is 4c. 

32. Within a smooth circular tube of radius a held fixed 
in a vertical plane lies a light string of length greater than 
half the circumference of the tube. The string carries equal 
weights at its ends, which balance within the tube, and the 
string subtends at the centre an angle 2 (tt — a). If they be 
slightly disturbed, shew that the time of a small oscillation 
is the same as that of a simple pendulum of length a sec a. 

33. A particle moves under the action of a central force 
which is such that the normal acceleration on the particle 
is constant: find a diflFerential equation of the first order 
to the path of the particle, and shew that r' sin 30 = a' is 
a particular integral. 

34. A heavy particle moves on a smooth curve in a 
vertical plane, the form of the curve being such that the 
pressure on the curve is always m times the weight of the 
particle: prove that the time of a complete revolution is 

2irmJa/Jg (m*— 1)', and that the length of the vertical axis 
of the curve is 2ma/{rn* — 1)*, the whole length of the curve 

being wa (2m' + 1)/K - 1)*. 

35. A small smooth heavy bead runs on a string 
fastened at two points in the same vertical line: the string is 
originally vertical and the bead in its lowest possible position, 
the bead is then projected so that it proceeds to describe 
a portion of an ellipse, the string being at first tight ; prove 
that if the string becomes slack when the bead is at the 
extremity of one of the equi-conjugate diameters of the 
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ellipse, then the free path of the bead will pass through the 
other extremity of the same diameter, and the latus rectum 

of its free path will be to that of the ellipse as 1 : 2^/2- 

36. On a wire in the form of a parabola . with axis 
vertical and vertex downwards is a bead attached to the 
focus by an elastic string whose natural length is one eighth 
of the latus rectum and whose modulus is equal to the 
weight of the bead. Prove that the time of a small oscillation 

is ^irjajgy where 4a is the length of the latus rectum, 

37. A particle slides down the arc of a vertical parabola 
with vertex downwards starting from rest at a height i 
above a horizontal line through the vertex. Shew that the 
time of descent to the vertex is equal to 



'J'^-^VWiM' 



where E^ (k) denotes the complete second elliptic integral to 
modulus k. 

38. A circle, centre (7, Is described round an internal 
centre 8 of attractive force; shew that the force varies as 



where 8P = r, a = radius of circle, 80= c. 

If there be two equal centres of force 8, 8' such that 
80^ is a straight line, and 

SG=8V = c, 

then taking each force to be p§ — ^ ^, shew that a 

particle will describe a circle, centre C and radius a (> c), if 
projected from a point in the line C8 distant a from G with 

a velocity ^ .^ ^ J perdendicular to C8. 

39. A smooth wire is bent into the form of a circle 
radius a, and rotates with uniform angular velocity q> about a 
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vertical axis through the centre which makes an angle a with 
the plane of the circle. If a smooth bead slide on the wire, 
shew that the equation of motion of the bead along the 
wire is 

/7'o S 8 8 

-Tii = a©* cos' a cos - sin a cos a sin - , 

where 8 is measured from the lowest point. Hence find the 
position of equilibrium of the bead, and the time of a small 
oscillation about that position. 

^ 40. A heavy particle hanging by a string from a fixed 
point O'is projected horizontally and describes a portion of a 
circle greater than a quadrant until when it arrives at a point 
P the string slackens and it begins to move in a parabola : 
shew that the circle is the circle of curvature of the parabola 
at P, and that if OP be produced to meet the directrix the 
locus of the intersection is a circle concentric with the given 
one. 

41. A heavy bead slides on a smooth fixed vertical 
circular wire of radius a: if it be projected from the lowest 
point with a velocity just sufficient to carry it to the highest, 
prove that the radius through the bead will, in a time t, 
turn through an angle 



2 tan"' ^sinA y/^ t\ 



42. If a particle move on an ellipse under a force to the 

centre =mr — nrlos , where c" = a' + b\ and N be the 

pressure on the curve, p the radius of curvature, prove 

Np = 2ncr + constant. 

If the velocity vanish at an extremity of the major axis 
and — = loff , then 

Np = 2nc (r — a). 

43. Snow is uniformly spread over the surfaces of a 
conical pinnacle and of the hemispherical dome of a building. 
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It begins to slide off, starting at the highest point and 
clearing a path as it goes. Prove that the motion in the 
two cases is the same as that of a free particle moving on tbe 
surfaces under the action of a vertical acceleration equal 
to one-fifth and one-third the acceleration of gravity re- 
spectively. 

44. If a heavy particle be projected with a given velocity 
and in a given direction prove that the initial curvature ii 
the path is independent of the resistance. Shew that, if the 
resistance = /jl (velocity)', the radius of curvature (p), at the 
point where the tangent is inclined at an angle <j> to the 
vertical, satisfies the equation, 

sin ^ -i£ 4- Sp cos <}> + 2/ip* sin ^ = ; 

and that, if 1/p' be the curvature at the other point where 
the inclination to the vertical is the same, the curvature at 
the vertex is 

2sin>V p7* 

45. A particle is projected along a rough tube, and is 
acted on by a force always bisecting the angle between the 
tangent and the normal, and varying directly as the curvature 
and as the sine of the angle (yjr) the tangent makes with a 
fixed straight line. Shew that the velocity depends only on 
'yjr, whatever be the shape of the tube; and if it is zero when 
-^ = €, where the coeflScient of friction is J cot €, shew that the 
time of describing an arc s varies as 

ds 



I 



J sin [yjr — e) 



46. A tube of uniform bore in the form of an equi- 
angular spiral is revolving uniformly with angular velocity « 
in a horizontal plane about a vertical axis through its pole, 
and within the tube is a smooth uniform chain of length 21 
and mass m, which is initially at rest with its middle point at 
a given distance from the pole; find the space described 
by the chain along the tube in a given time, and shew thai 
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the tension at any point of the chain is mti? cos' a{l^ — ^l^h 
where x is the arcual distance of the point from the middle 
point, and a is the angle of the spiral. 

47. A string of varying density slides in a smooth 
cycloidal tube whose axis is vertical and vertex downwards. 
Shew that if the string be let fall from any position iu which 
its whole length is within the tube, its centre of gravity will 
reach the vertex in the same time. 

48. The bob of a simple cycloidal pendulum starts from 
rest at the cusp. If the string break in any subsequent 
position after passing the axis of the curve, the locus of 
all possible positions of the focus of the trajectory subsequently 
described by the bob is given by the equation 

f— -('Vf)^('Vf)\/\^ 

the middle point of the base of the cycloid being taken as 
origin and the length of the string being 4i. 

49. A string of infinite length is laid on a smooth table 
in the form of a portion of one branch of the curve r** sin nd = a**, 
so that one extremity of the string is at a finite distance 
from the origin of polar coordinates; to this end a tangential 
impulse is applie4, so that the initial direction of motion 
of each point of the string and the radius vector to the point 
are equally inclined to the corresponding tangent. Shew 
that the impulsive tension at any point « r"^**"*^ and the 
density of the string 'must 

2n-l 



7 



50. A uniform string falls freely in one plane under 
the influence of gravity: prove that the angular acceleration 
of the tangent at any point is 

2 d fT\ 
m^/pdsX/s/p) ' 

where T is the tension at the point, p the radius of curvature, 
8 the arc measured from a fixed point of the string, and m 
the mass of a unit of length. 
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51. The equation to a curve is 

(u-a)[(u^ay-V{0 + a)'^}=O; 

A particle m, placed on the curve, and acted upon by the 
force to the origin 

is projected tangentially so that it^ velocity, when it arrives 
at the distance a~* from the pole, shall be ha ; prove that its 
pressure on the curve will be always zero. 

52. A bead can slide on a smooth circular arc ^J5andis 
attracted by it, the force to any point being /(r): if it 
be displaced from its position of equilibrium, the time 

of oscillation will be 27r/j2 cos a f {AG), where O is the 
middle point of AB, and 2a the angle AC subtends at the 
centre of the circle. 

53. Prove that a lemniscate can be described freely by 
a particle under the action of two centres of force of equal 
intensity in the foci, each varying inversely as the distance, 

and that the velocity will always be equal to J4}/jl/S, fju/r being 
the acceleration of either force on the particle at a distance r. 

54. A heavy particle, mass m, falls down a smooth cycloid, 
whose axis is vertical and vertex upwards, in a medium 
whose resistance is mv^/2c, and the distance of the starting 
point from the vertex is c ; prove that the time to the cusp is 

JSa (4a — c)lJgc, 2a being the length of the axis. 

55. A particle is acted on by two forces, tending to the 
foci of an ellipse whose major axis is (2a), and varying 
according to the law fju (r' + 8a')/8aV*, the absolute intensities 
being the same. Shew that, if it be projected along the 
tangent to the ellipse with a certain velocity, then it will 
continue to describe the ellipse freely, and its velocity, in any 
position given by the focal distances (r, /), will be 

n(f + rr + r^l2jrr\ 

(n) being the mean motion in the ellipse under a force fijt' 
to a focus. 
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56. Id the case of a piece of unifoTm chain, on a smooth 
horizontal table, receiving a tangential jerk at one end ; 

(1) Find the form of the curve if the initial direction 
of motion of any point makes a constant angle with the 
tangent at that point. 

(2^ Find the impulsive tension at any point wben 
the form is such that the line-mass at any point varies as the 
curvature. 

(3) Prove that if the impulsive tensions follow the 
same law as the tensions in a non-unifonn string hanging in 
ihe same curve under the action of gravity, then 

2.^.ff + l. 

or a3\ 

(i) If all the particles of Che chain start with equal 
velocitiea, prove that the form must be that of a straight tine 
or of a catenary. 

57. AB is a diameter of a horizontal circular wire, and 
a particle, free to move on the wire, is repelled from Ahy i 
constant force equal to twice its weight Shew that if placed 
at an angular distance 2a &om B, it will oscillate about S in 
the same time as if it were oscillating under the action of 
gravity alone on the same circular wire placed with its plane 
vertical through an angular distance a on each side of the 
lowest point. 

5S. If a projectile move in a medium the resistance of 
which varies as the square of the velocity, and i£ p, p be the 
radii of curvature of the path at two points at each of which 
the direction of motion is inclined at an angle <f> to the 
horizon, and r the radius of curvature at the highest point : 
shew that 

1 1^ 2cos'0 
PR ^ ' 

59. Two points A, B, such that AB is inclin 
horizon at an angle [sj, are connected by a wire 
B. D. 
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of two equal circular arcs of radius {a), placed so that the 
tangents at the extremities A, B are horizontal, while the 
other ends meet at a point C in AB, so that the two arcs 
have at (7 a common tangent. If a ring he projected fromi, 
with velocity w, it will come to rest at jB, provided 

tf ^ (2/a' " l)(e^ cos g--l)+3/ie»* sing 

fi being the coefficient of friction. 

60. A chain, in equilibrium in one plane, receives a 
tangential impulse at a given point ; prove that the impiilse ' 
at any point is given by the equation 

d0 \p d<l>/ p ' 

p being the radius of curvature, and ^ the inclination of the 
tangent to a fixed line. 

A uniform chain hangs in equilibrium over two smooth 
pegs in the same horizontal; if equal vertical imp'alses 
be applied simultaneously to the two free ends, find the im- 
pulsive tension at any point, and prove that the initial velodtf 
of the vertex of the catenary is to the velocity which would 
be imparted to each of the straight pieces of chain, if dis- 
jointed from the catenary, as 1 : 1 + sin a, where a is the 
greatest inclination of the catenary to the horizontal plane. 

61. A particle is attracted to two centres of force 8 and 
H by forces which each follow the law 



{^+(^-6y}' 



where p, and p! are the same for both centres of force. Shew 
that the particle can describe a circle whose centre is midwaj 
between 8 and H, if b be the length of the tangent dra^im 
from either centre of force to the circle. 

62. A shot is fired in an atmosphere in which the 
resistance varies as the cube of the velocity. If / be the 
retardation when the shot is ascending at an inclination a to 
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the horizon, /tj when it is moving horizontally, and/' when it 
is descending at an inclination a to the horizon ; then 

1 l_2cos'a 1 l_ 2sina(3-2sin'a) 

63. A portion of a heavy uniform string is placed on the 
arc of a four-cusped hypocycloid, so as to occupy the space 
between two cusps, the tangents at which are horizontal and 
vertical respectively, and runs off the curve at the lower 
cusp; prove that the velocity which the string will have 
when the whole of it has just left the curve will be the velo- 
city due to nine-tenths the length of the string. 

64. A fine chain of given length is contained in a smooth 
circular tube which rotates uniformly in a horizontal plane 
about a fixed point in the circumference; if the chain 
subtend an angle 2a at the centre, and if one end be initially 
fastened to the tube at the end of the diameter through the 
fixed point, and be released, prove that the angular motion of 
the chain relative to the tube will be given by the equation 

a^ = 2ft)' sin a (cos — cos a). 

65. A piece of string in the form of part of the curve, 
r = ae *****, the density at any point of which varies as 
^-tan««i jj^g ^^ ^ smooth horizontal plane, being bounded by 
^ = 0, and ^ = )8. If a tangential jerk be applied at the end 
^= 0,find the tangential impulse at any point, and prove that 
the initial direction of motion of every point makes an angle 
with the normal equal to the angle of the spiral. 

66. A string is in equilibrium in the form of a circle 
under the action of a central repulsive force ; if the string be 
cut at any point, prove that the tension at a point, the 
angular distance of which from the point of section is 0, is 
instantaneously changed in the ratio 



Ve^ + e V : 



2. 
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67. A heavy string, passing under and in contact 
the arc of a fixed vertical circle, centre 0, has its ends 
fastened to two points P, Q on the circle, each at an aDgalar 
distance a from the lowest point, the pressure at which is 
zero. 

If the circle be suddenly removed prove that the tenaoa 
at the lowest point is changed at once m the ratio 

sin a : sinha. 

Examine the case in which a «= tt. 

Also determine the new tension when the ends are allowed 
to be moveable on smooth rods OF, OQ at the instant tlie 
circle is removed. 

Further, if the ends are allowed to be moveable on smooth 
rods BP, BP from the highest point B of the circle, 
tension at the lowest point is changed in the ratio 

sin^ : sinhacos^ — cosh a sin ^ . 
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MOTION IN THBEE DIMENSIONS. 

141. The fundamental equation of Kinetics being that 
the time-flux of the momentum of a particle, in any assigned 
direction, is equal to the sum of the acting forces in that 
direction, and the resulting equations for the motion of a 
particle in three dimensions being given, in different forms 
m Art. (52), we proceed to employ these equations in some 
particular cases. 

Motion of a heavy particle in contact mth fixed smooth 
curves or surfaces. 

Measuring z vertically downwards, and taking the accele- 
ration along the tangent to the path of the particle, we 
obtain 

dv dz 

and therefore J m (t;" — w*) = mg (z — c), 

if the particle start with the velocity u from the level o. 

This is in effect the equation of energy, but it must be 
carefully borne in mind that, in this case, the system consists 
of a particle and the earth, and that we are neglecting the 
kinetic energy acquired by the earth in consequence of the 
attraction between it and the particle. — 
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142. Motion of a heavy head sliding down a smooth win 
in the form of a helix with its axis vertical. 

If a be the inclination of the arc of the helix to its base, 
R and R the reactions in directions of the principal normal 
and binormal, the equations of motion are 

dv . mi? T% r, ry» 

mv -T- = mg sin a, ^— = Ii, = it — m^ cos a. 

Ofo a sec OL 

From these equations, v* = 2gz, if 2^ be the height through 
whi ch the be ad has fallen, and the resulting reaction is equal 
to JR" + R\ 

143. In general, if a particle move in free spa.ce, or in 
contact with smooth curves or surfaces, the equation of 
motion, obtained by taking the forces in direction of the 
tangent, is , 

dv rt 

mv -^ = mo , 

mS being the resultant of the acting forces in direction of the 
tangent. 

If the particle have a velocity u at the point P and a 
velocity v at the point Q, 

J m (i;* — w") = / mSds, 

the integral being taken from P to Q. 

Now, in accordance with the definition of potential eneigy 
in Art. 47, the change of potential energy of the system, con- 
sisting of a particle in a field of force, that is, of a particle, 
and attracting masses the kinetic energy of which may be 
neglected, is the work which would have to be done against 
the forces of the system in order to move the particle from 
P to Q, and therefore, if U be the potential when the particle 
is at P, and V when it is at Q, 

V-U^j-mSds, 

the integral being taken from P to Q. 
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W© hence obtain 

im{v'-u*)=U-V 
or i mil' + T = J mu* + U, 

which is the eqoation of energy. 

The total energy being constant, we notice that the force 
on the particle, wmch is the time-flux of the momentum, is 
the n^ative space-flux of the potential enetgy. 

In other words the force in any direction, at taiy point of 
the fleld, is the rate of exhaustion, in that direction, per unit 
of linear space, of the potential energy. 

144. lieactum of a smooth surface on a particle which is 
moving in contact with the surface. 

Let the figure be a section of the surface by a plane per- 
pendicular to the line of motion of the particle P, and let PF 
be the principal normal of the path, and PQ the binormal. 




The accelerations in these directions being «"//)', and z 
where p' is the radius of absolute curvature of t' 
follows that the resulting acceleration in direct 
normal PE to the surface is v'co8<j>/p', if be 
FPE or, by Meunier's theorem, w'/p, where p is 
of curvature of the normal section of the surfs 
plane through the tangent to the path. 
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Hence, if 12 be the pressure, measured inwards, and 
the acting force in the direction of the normal to the 

If IT be the acting force in direction of the tangent 
to the surface in the plane EPF, 

rm^lp . sin ^ « U, 

and therefore mt? tan ^^pU^ 

an equation which determines the position of the oeculalaiif i 
plane of the path« 

145. If no forces are in action the path is a geodesic. 

For, taking the equation of motion in direction of the 
binormal, 

tiierefore ^ » 0, or the osculating plane is a normal plane. 

This result is equally true if the surface be a rough sa^ 
face, for the same equation exists. 

146. Motion of a heavy particle in a smooth surface af 
revolution the aads of which is vertical. 




Measuring z upwards, and employing cylindrical co-ordi- 
nates, the accelerations are 

r-r^, 2rS + rd, and 0, 
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a^nd therefore, taking the acceleration in direction of the 
tangent PT to the meridian, 

if sin <^ -f (r — r^) cos <^ = — jr sin ^. 

Also, there being no horizontal force perpendicular to the 
plane APNi 

and therefore r^B^K 

The equation of the surface, £^f{r)y being given, these 
eqxiations determine the motion. 

Taking the acceleration in direction of the normal P(?, 
we have, for the pressure, 

m [z cos <^ — (r — rff) sin <^} = iZ — mg cos ^. 

Observing that tan <f> = dz/dr^ and that 

h dr J . J*, , \ h dr 

the first equation becomes 

-^— f./'M (1), 

which is the differential equation of the projection of the 
path on a horizontal plane. 

df* 
Multiplying by 2 -^ and integrating, we obtain 

If the path be a horizontal circle of radius a, we at once 
obtain firom the equation (1) 

h'^ga'fia). 

Or, we can obtain this result by considering that the 
acceleration to the centre, v'/a, is maintained by the action 
of gravity and the pressure of the surface. 



186 MOTION ON SMOOTH SUBFACE. 

If we employ the principles of energy and momentam, 
leading to the equations, 

im{i»H-r* + r'^} = (7-7nflr2r, and r*^ = A, 

we arrive at once at the equation (2). 

147. To find ihe apsidai angle of the projection on a 
horizontal plane of the path when it is nearly circular. 

When the particle is moving in a circle, we can imagine 
a slight disturbance of the motion, as for instance by the 
action of a small impulse in the vertical plane through the 
axis and the particle. The value of h will then be unchanged, 
and if we assume r^a + v, where i; is a very small quantity > 

T % ft 

and neglect f;^) > the differential equation becomes 

[1 + {/' («)n S 

-a-v + -.-^ (a* + *a*v) {/' (a) +/" (a) »} = 0. 

SO that the apsidal angle is 

irjl + {f' {a)Y I JS + af" (a) //' (a). 

This shews that the motion is stable, provided 

3 + a/' (a) //' (a) 
is positive. 

148. A heavy particle is projected horizontally along iJu 
inside of a surface of revolution ; it is required to find Ik 
initial cwrvatu/re of its path, 

PO being the normal to the surface at P, let P£I and PF, 
in the figure of Art. (146), be the directions of the principal 
normal and of the binormal of the path. 

If p' be the radius of absolute curvature, the acceleration 
in the direction PE is i^/p\ and therefore, if EPQ=:y]r, the 
acceleration in the direction PT is v* sin -^/p', 

and therefore v* sin -^/p' = g sin ^, 
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PQ is the radius of curvature of the normal section of the 
surface perpendicular to the plane ANP, and therefore, by 
Meunier's theorem, 

p' = Pffco8'^ = rcos'^/sin0, if r = PN'. 
Hence v* tan '^=gr. 



and 



vV 



^ sin ^ Jv^ + ^r* * 



149. Motion of a heavy particle on the surface of a 
sphere. 

In the figure of Art. (146) let Q be the centre of the 
sphere and taJ^e c for the radius. 

The equation, 7^6 = h, becomes c*sui^il>.0==^h, and the 
equation of energy is 

c*^* + c' sin" ^^ = -f 2gc cos if>, 

or c'^" + ^^, . =C+2gc cos <t>. 

If the particle be projected horizontally, from the position 
<fe = a, with the velocity v, 

h = vc8ma, ^ = 0, and v^ = C+2gccosa, 
so that 

/sm a \ 
c"<^" + 1;* (im^ "" "^j "^ ^^^ ^^^® ^ - cos a). 

To find the greatest and least altitudes of the particle, put 
<^ == 0, then we obtain = a, or 

ti* (cos a + cos <f>) = 2gc (1 — cos* ^). 

It is easily seen that this equation gives one value for 
cos ^ lying between + 1 and — 1, and therefore it follows that 
the whole motion of the particle is comprised between two 
horizontal planes. 

Taking the acceleration in the direction of the normal 
QP, we find for tha pressure, measuring z downwards, 

mz cos ^ + m (r — r0^ sin = mgr cos ^ — iJ, — 
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leading to 



or 
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^ ^ sin 9 

B = mg (3 COS ^ — 2 cos a) + mv^/c. 



This is in accordance with the general result of Art. (1^ 
for, in this case, the square of the velocity 

= V* — 2gc (cos a — cos 0). 

150. Motion of a heavy particle on the surface of a 
cone, the vertex being downwards, and the aais vertical. 

Employing cylindrical co-ordinates, and takings the 
celeration along the generating line, we obtain 

(r — r^ sin a 4- Sr cos a = — ^r cos a, 

or -r-^r sin* a^ = — ^ sin a cos a. 

Also r*(?= h, and putting li for - , we find for the di£Ferent 

r 

equation of the projection of the path on a horizontal plane, 

cPu . , gr sin a cos a 

151. Motion of a particle in a smooth plane tube whiA 
revolves about a/n aads %n its plane. 

Take the axis of rotation as the axis of z, oad ^ as 
the inclination of the normal to the axis of z. 

Taking 8, N, and T as the acting forces in directions of 
the tangent and normal to the curve and perpendicular to its 
plane, and J2, R as the reactions in tne two last-named 
directions, the equations of motion are 

m (r — r0^ cos + m^'sin ^ = S, 

mi? cos ^ — m (r - r^) sin ^ = JV + B, 

m{r0 + 2rd)=^T'{'R. 
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Take for instance the case of a parabolic tube with its vertex 
downwards^ revolving uniformly about its aods which is verticcd. 

We have then 

S =^ ^ mg siji(f>, -W= — mgrcos<^, ^=0, 

^ = ft), 4iaz = r^, and 2a tan = r, 

and the first equation becomes 

r (4a" •\-r')+r7^^ (4aV - 2ag) r. 

Integrating and supposing that initially r=^c, and r = 0, 

r" (4a« + r") = 2a (2aa)* - g) (r" - c'). 

If 2afi)' = 5r, the particle will remain, in relative rest, at 
whatever point it is placed initially; and according as 
2att>* >OT<g, the particle will ascend or descend. 

152. Motion of a heavy bead on a smooth wire in the form, 
of a helix, hiving its axis vertical, and revolving uniformly 
about its axis. 

Measuring from the foot of the helix, the cylindrical 
co-ordinates of the bead are 

a, + (ot, z, where z = a0 tan a. 
Taking the acceleration along the tangent to the helix, 

a^cos a + i? sin a = — ^r sin a, 
or i: = — ^sin'a, and .-. i* = 2^^ sin'a(A — ^). 

This gives the vertical velocity, and the horizontal velocity 

= a (^ + o)) = oo) + i cot a. 
For the motion on the arc of the helix, 

8^2 cosec a and .*. i* = 2^^ (A — z). 

If Ry R be the reactions of the wire on the bead in 
directions of the principal normal and binormal of the helix, 
we have, 

fwa (^ + ®)' = JB, 

and m (z cos a — aO sin a) = JB' - mg cos a. 
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153. The motion of a bead on a tortuous wire revolviiig 
about a fixed axis, and acted upon by any given forces, caa 
be similarly treated by the use of cylindrical co-ordinates. 

Or we can take axes of x and y revolving with the curve^ 
in which case the expression for the acceleration along 
tangent to the curve will be 

(iJ-«»<r- 2y«) g + (y - «'y + 2*«) ^ + i? J, 

which reduces to « — ©V-r*, and if T be the sum of the 
tangential forces the equation of motion is 



"'('-"'**"^)=^' 



If p be the radius of absolute curvature of the curve, the 
acceleration of the bead in direction of the principal normal 
is equal to 

(i? - ©'a? - 2y(») p ^ + (y - ©'y + 2^fi>Xp-^ + >>-^, 

which reduces to 

and the expression, when multiplied by the mass of the bead, 
is equal to the sum of the forces in direction of the principal 
normal, and of the reaction in that direction. 

In a similar manner the reaction of the curve in directioB 
of its binormal can be determined* 

154. Motion of a heavy particle on a smooth inclined 
plane, the plane being in rigid connection with a fixed vertical 
aads and revolving uniformly. 

Take the line of greatest slope, drawn upwards, through 
the fixed point on the plane as the axis of x, and the nonml 
to the plane as the axis of z. Then, referring to Art. (28), 

d, = CD sin a, ^^ = 0, d, = © cos a, 
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and therefore, z being zero, 

u^x — wy cos a, 

V = y + ©^ cos a, 

«; = coy sin a. 

Taking the accelerations parallel to the axes, we have, if 
R be the reaction of the plane, 

m (li — Vfi) cos a) = — mg sin a, 

m (t) — t£;ci) sin a + ifo) cos (£)= 0, 

m (ti + Vft) sin a) = R — mg cos a. 

The first two of these equations give 

if— 2® cos ay — o)" cos' oa? = - ^ sin a, 

y + 2 © cos a» — a)'y = 0, 

thereby determining the motion, and the third equation gives 
the pressure. The integration is at once eflfected by aid of 
the calculus of operations, for the elimination of y leads to 

-^ + 0) (3 cos* a — 11 -Tj^ + or COST ax ^ gar sm a, 

a linear equation with constant coefficients. 

155. If the particle be constrained to move on a smooth 
curve in the revolving plane, the motion is determined by 
taking the resultant acceleration along the tangent to the 
curve. 

This leads to the equation, 

(i? — 2G)C0say — ft)*cos'cM7)-v- + (y + 2® cos a^p — a)"y) -^ 

dx 

.. i 2 dx ^ dy , dx 

or « — ©' cos oix^ — <oy -^ = — ^r sm a -i- . 
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Take for instance the case of a bead moving on a 9im 
circular wire which is made to revolve uniformly ahout a 
vertical aads throvgh its centre. 

If d be the angular distance of the bead from the axis* 
Xf the preceding equation becomes 

ad — ool^a sin" a sin cos ^ = ^r sin a sin 0, 

and the angular motion is therefore given by 

a0^ = (»*a sin* a sin" ^ — 25r sin a cos ^ + G. 

The radial pressure, R, of the bead, measured inwards, is 
given by the equation 

ma(6^+2a)0 cosa+a)'cos"acos"^ + <»' sin" 0)^R -^rngmiami 

156. The general problem of the motion of a particle on 
a smooth surface which is made to revolve about a fixed axis 
can be dealt with in a similar manner by aid of the genenl 
expressions for velocities and accelerations which are given in 
Art. (28). 

Taking axes rigidly connected with the revolving surface, 
let the plane of zx contain the fixed axis about which th^ 
surface is revolving, and let a be the inclination of the axis 
of z to this fixed axis. 

We have, then, 

dj = cDsina, ^, = 0, d,= G)COsa, 
and therefore, 

u = d) — ya> cos a, v^y — zmsma + xo) cos a, 

w = z + ya)&ia a. 

The expressions for the accelerations are 

/j = ii — Vft) cos a, 

/, = V — wm sma + iuo cos a, 

/j = w + VG) sin a, 

and, if the acting forces are given, the equations of motion 
can be formed. 



PENDULUM. 



193 



As a particular instance consider the motion of a pendu- 
luniy or^ which is the same thing, of a particle inside a smooth 
sphere, rotating with the earth. 




EP being the earth's axis, let C be the position of relative 
equilibrium of the particle. 

Neglecting the size of the sphere in comparison with the 
distance OEy and regarding the earth as a sphere of which E 
is the centre, the direction EOz is defined by the considera- 
tion that the resultant of the earth's attraction in the direc- 
tion OEy and of the reaction at C, is the force rmo^ON in 
the direction ON, 

As a matter of faot it has been shewn that, if c be +**-*" 



B. D. 



1? 
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earth's radius, and g the acceleration due to gravity at the 
equator, 




and therefore a> can be regarded as a very small quantity, 
and the displacement EOE' as an infinitesimal of the first 
order. 

Hence if mg be the pressure at (7, which is the weight of 
the particle, 

CD* . Olf : g = EL : OZ = sin ^ : cos (a + ^), 

if the angle OEN^a, 

or approximately, ^ = «'c sin a cos a/gr, 

where a is the colatitude of the point 0. 

Taking then MO, that is the vertical at 0, as the axis of 
Zy and as the origin, the expressions for the velocities and 
accelerations are those given above, with the exception of the 
expression for the velocity parallel to the axis of y, which 
now becomes, 

v^y " ZGn sin a + x<o cos a — ©c sin a. 
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The equations of motion are, 



m 



i/i='-^?> Wt--^?> m/,=*-i2?-m5r. 



a 



a 



If the particle make very small excursions from its position 
of relative equilibrium, we can put £; = — », and neglect the 
squares of x and y. The approximate equations are then 

a? — 2y © cos a ^ , 

991 a 



y-i-Zxcocosa 



=-:?y 



Tn a 



2yft)sina = -^ + --, 
and eliminating E we obtain finally 

*• — 2yfiicosa+~a? = 0, 

y + isbwcosa + ^y-O. 

157. Motion of a heavy chain inside a smooth tube which 
is revolving uniforrrdy about a vertical aans in its own pUme. 

Consider the motion of an element PQ, (Sap) of the chain 
AB. Taking the arc OA = s, and AP = <r, the equation 
of motion is 

mSa- {zsm ^ + (r — cdV) cos <^} = ST— mgBa sin <f>. 




O s^ 
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The expression ifsm<^ + rcos^ is what would be tbe 
tangential acceleration if there were no rotation and is there* 
fore equal to-i^/and the equation becomes. 

J rp 

m ( J — 0) V cos 0) = T mgr sin ^ ; 

or, analytically, o- not being a function of the time, 

i = «sin^, f = icos^, 

• # 

>*sjisin<^ + i^cos0, r = 6fcos^ — i^sin^y 

I 

whence z sin ^ + r cos = «, 

Taking I as the length of chain AB, and integrating over 
the length l, we obtain 

/, / being the co-ordinates of the end B, and r ', z" of the 
end A, 

All these four quantities being functions of s, we haw 
an equation determining the motion of the chain in the taba 

If jR be the rate of pressure at P in direction of the 
normal PG, per unit of length of chain, we have, by taking 
the acceleration in the direction. P(?, 

mba \zcoB ^ — (r — ro)') sin <j>] = BZa H mghacoA^ 

m? T 
or h G)V sin ^ = jR H mq cos 6. 

9 /> 

I 

For example, if the tube be circular in form, and if the an 
OA subtend an angle B at the centre, and AB an ajigle a, 

aoiO = ^a {sin' (a + ^) — sin* S\—g {cos 6 — cos (a + ^)}, 

and therefore, 

aif^ = J(»*a {sin 2^ - sin 2 (a + B)\ - 2gr {sin ^ - sin (a + ^)} + C 
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EXAMPLES. 

1. Is a railway train heavier when going east or going 
west? 

Shew that for a train weighing 180 tons, travelling 60 
miles an hour in latitude 60°, the difference is about the 
weight of two men. 

2. A particle of mass m is attached to one end. of an 
elastic string, the other end of which is fastened to the vertex 
of a smooth cone of vertical angle 2^, having its axis vertical 
and vertex upwards ; prove that the particle can move with 
a constant velocity v round the surface of the cone, and with 
the string stretched to double its natural length, provided 
that the modulus of elasticity > mg cos a, and that 

2w* cos a < o^ sin* a. 

If the particle be slightly disturbed in direction of the 
string, find the time of a small oscillation. 

3. A point describes a rhumb line on a sphere in such a 
way that its longitude increases uniformly; prove that the 
resultant acceleration varies as the cosine of the latitude, and 
that its direction makes with the normal an angle equal to 
the latitude. 

4. A material particle rests on a rough plane inclined at 
a given angle to the horizon, the plane begins to rotate round 
an axis perpendicular to it, with a velocity commencing from 
zero and continually increasing. Determine the velocity at 
which the particle will commence to move on the plane, and 
the condition that the commencement of the motion is 
simultaneous with that of the plane. 

6. A particle moves under the action of gravity on a 
smooth surface of revolution whose axis is vertical; shew 
that its path cannot be a geodesic, unless it be a meridian 
section. 
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6. A smooth right circular cylinder is placed with ib 
axis horizontal, and a particle moving uniformly with velodtf 
V along the lowest generating line receives a horizontal 
impulse at right angles to this line and just sufficient to canj 
it to the highest point of the cylinder. If the particle k 
prevented from leaving the cylinder, shew that its subaeqoflt 
path is such that if the cylinder be developed its equation is 

y^ira^4i tan'^c • •, 

and that the highest generating line is an asymptote to & 
curve. 

7. Determine the motion of a heavy particle moving a 
a smooth tube in the form of a circle, which revolves Wt 
formly about a vertical diameter. 

8. In the centre of a hollow sphere resides a repulsiic 
force. A heavy particle is projected horizontally along iJx 
surface of the sphere from a point distant 60^ from the high* 
est point with a velocity due to falling through the diametei 
by its weight only. Shew that it will be again moving hori- 
zontally at a point whose distance from the lowest point ii 

tan-^;/|. 

9. A particle slides on a smooth heliz of radius a 9si 
angle a under the action of a force to a fixed point in the 
axis equal to fi times the distance. Investigate the motion 
and prove that the pressure cannot vanish unless the greateil 

velocity of the particle be *fjia sec at. 

10. A heavy particle moves in a smooth sphere ; sM 
that, if the velocity be due to the level of the centre, A 
pressure on the surface will vary as the depth below th 
centre. 

11. Two equal particles attracting one another with 
force, the accelerating eflFect of which is o' x distance, a] 
placed in two rough straight tubes at right angles to 
another, and the friction is equal to the pressure in 
tube ; prove that, if they be initially at unequal distance 
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one moves for a time ^ before the other begins to move, and 

that, while they are approax^hing the point of intersection of 
the tubes, they move in the same manner as the projections 
of the two extremities of a diameter of a circle upon a straight 
line on which the circle rolls. 

12. A particle is revolving on a smooth plane about a 
centre of force, the accelerating effect to the centre being 
fji X distance, and when the body arrives at an apse the plane 

begins to revolve with an angular velocity Js/3/a about the 
apsidal line; shew that the subsequent orbit described on 
the plane will be a portion of a parabola ; and that, when the 

particle leaves the plane, its velocity will be V3 x velocity at 
the vertex. 

13. A smooth parabolic tube whose latus rectum is 4a 
rotates about its axis which is vertical, the vertex being down- 
wards, with uniform angular velocity to. Find a> in order that 
a heavy particle may be in equilibrium at any point of the tube. 

If the angular velocitv of the tube be greater than this 
and a particle be projected down the tube from any point with 
velocity just sufficient to make it reach the vertex, shew that 
the equation to the projection of the subsequent path, on a 
horizontal plane, is 

n n ^ ^ V4a' + r* 

^ = C - log , . s • 

^2a + V4a" + r» 2a 

14. A heavy particle, in contact with the lower half of 
the internal surface of a fixed smooth spherical shell, is 
projected horizontally with velocity V, the radius through 
the particle making initially an angle a with the vertical. 
Find the pressure in tet-ms of the velocity at any time and 
prove that if F* cos a < 2agr, the particle cannot leave the 
surface, but that if F" cos a > 2ay, it may do so, and find the 
additional condition necessary. 

15. A heavy bead moves along a vertical circular wire 
which revolves about a vertical straight line in its own plane. 
Find the time of a small oscillation, and the resistance on the 
wire. 
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16. A small bead slides on a smooth circular ring d 
radius a^ which is made to revolve round a vertical ass 
passing through its centre with uniform angular velocity n^ 
the plane of uie ring being inclined at a constant angle a to 
a horizontal plane. Shew that the law of angular motion of 
the bead on the ring is the same as that of a bead on a znig 
of radius a cosec a revolving round a vertical diameter w& 
angular velocity m sin ou 

17. A smooth wire^ in the form of a parabola, latos 
rectum I, revolves about its axis which is vertical, the vertei 

being uppermost, with uniform angular velocity = Jg/l ; a 
string, passing through a fixed ring at the focus carries, ^ 
one end, a small ring, mass m, which slides on the wire, aod 
at the other end a particle, mass m\ which hangs freely. 
Given the velocity, v, of the ring at the vertex, determine the 
rate at which the ring describes the parabola at any point 

If m = 4jm', and 2V^ = gl, prove that, at a time t after the 
ring has passed the vertex, the angle between the two parts 
of the stnng is given by the equation 



cot 



iV¥^ 



. 18. Three masses m^, m„ m are fastened to a string which 
passes through a ring, and m^ describes a horizontal circle as 
a conical pendulum while m^ and m^ hang vertically. 

If mg drop oflF, prove that the instantaneous change of 
tension of the string is 

19. A particle is placed between two smooth co-axial circular 
cylinders of nearly equal radii, whose common axis is inclined to 
the vertical, and slides down under gravity. If /3 be the angular 
distance of its initial position from the lowest point of the 
cross-section through that position, shew that the particle 
will never press the inner surface if 2/8 < tt; but if 2/3 >% 
the particle will pass from the inner to the outer surface, and 
back again, and so on, when <f>, its angular distance at any point 
from the lowest point of the cross-section through that point, 
takes the successive values given by 3 cos ^ = 2 cos /8. 
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20. There are two points P and Q which move so that 
the line of motion of each relative to the other is always 
parallel to a given direction. If the motion of P, and the 
initial position of Q be given, shew how to determine the 
9urface on which it must move. If the orbit of P be plane, 
prove that this surface is a cylinder. If the motion of P be 
that of a projectile in vacuo, and the relative velocity of 
P and Q constant, determine the motion of Q. 

21. A smooth hollow ellipsoid of revolution is fixed with 
its axis (2a) vertical, and a particle is projected from a point 
in the horizontal plane through the centre and on the inside 

surface with a velocity J'iga and inclination a to the horizon. 
Find a in order that the greatest depth below the centre may 
be 2a/3, and find in that case the greatest height reached. 

22. A smooth cylinder, whose transverse section is a 
cycloid generated by a circle of diameter a, is placed with its 
axis horizontal, the axis of the cycloidal section being vertical 
and its vertex downwards. A heavy particle is allowed to 
fell from rest at any point of the surface and is attracted by 
a perfectly elastic plane perpendicular to the axis of the 
cylinder, with a force varying directly as the distance from the 
plane, whose absolute intensity is ^gla. Shew that the path 
of the particle will be such that if the cylinder be developed 
it will develope into successive portions of a parabola. 

23. A smooth surface is generated by the revolution of 
the cutve a?y = c^ about the axis of y which is vertically 
downwards, and a heavy particle is projected along the sur- 
fiwje with velocity due to the depth below the horizontal 
plane through the origin: prove that its path intersects all 
the meridians at a constant angle. 

24. A surface of revolution is such that if it be held with 
its axis vertical, and a heavy particle be projected along it 
with suitable velocity at any point in any direction, its path 
will cut every meridian of the surface at a constant angle. 
Shew that the surface may be generated by the revolution 
roimd the axis of y of the curve 

h{a?-a^)-\-(ify^O, 
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25. A parabolic wire, axis Tertical and vertex down) 
rotates about its axis with uniform angular velocity. A 
slides down it under gravity ; prove that it naay descend 
constant velocity. 

26. A heavy string of given length is enclosed in; 
smooth straight tube, which is made to revolve unifoi 
about a vertical axis, so as to describe a right circular conj 
determine the motion of the string and the tension at any poii 

27. A surface is of the form traced out by the revolatij 
of the curve z = cco& xjc about the axis of z : the 
being placed with its axis vertical, a particle is proj< 
upon it in such a manner that it describes a horizontal 
in a given time t Prove that the number of possible ci 
is even, except in that case in which the time of revolal 
satisfies the equation 



1 + 



9t 



cos 



V U6^V ^) ^' 



28. A heavy particle moves on a curve which revoh 
uniformly about a vertical axis ; prove tbat the time of 
oscillation of the particle about a position of relative eqi 
librium will be 



27r / p sin a 



j'J' 



o> \A; — p sin a cos' 

p being the radius of curvature at the point of equilibria! 
a the angle made by the normal at that point with 
vertical, k the distance of the point from the axis of rev< 
tion, and a> the angular velocity of the curve. 

29. An anchor ring is formed by the revolution ofj 
circle of radius (c) about an axis in its own plane, distant 
from the centre of the circle. A particle is projected alo 
the equator, of smaller radius with velocity (v), and is 
on by a centre of attractive force in the centjre of tho 
and equal at distance r to /nr* ; shew that if the particle 
slightly displaced it will continue to return to its o ' ' 
path at equal angular intervals (d), where 



/w;Y _ g — c ( fia (a — c)* - 1 
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30. A particle constrained to move in the surface of a 
smooth ellipsoid is under the attraction of an internal ellip- 
soidal shell, the two surfaces being confocal ; prove that if the 
particle be projected from an umbilicus with a given velocity, 
it will return to the umbilicus in a time whidi is independent 
<]f the disection of projection. 

31. Two infinite straight lines which are at right angles 
but do not meet attract according to the law of gravitation. 
Prove that, if a particle be projected from the middle point 
of the shortest distance between the lines in direction oi the 
line bisecting the angle between them, it will continue to 
move in a straight line : and find the limits of the motion. 
Prove also that a particle will move with uniform velocity, 
under the attraction of the lines, in any smooth tube which 
takes the form of the curve of intersection of a certain hyper- 
bolic paraboloid with any one of a certain series of oblate 
spheroids. 

32. A small smooth groove is cut on the surface of a 
right cone, axis vertical and vertex upwards, in such a 
manner that the tangent is always inclined to the vertical 
at the same angle ^8. A particle slides down the groove 
firom rest at the vertex ; shew that the time of descending a 
vertical height h is equal to the time of falling freely through 
a height Asec'yS. Shew* also that the pressure is constant 
and tnat it makes a constant angle 6 with the p rincipal 

normal to the path, such that 2 tan ^cos* a — cos' /3 = sin a, 
22 being the angle of the cone. 

33. A shot, fired at an angle of elevation (a), strikes a 
point at a horizontal distance (d) from the point of projection ; 
shew that if any subsequent shot falls within a small distance 
(c) of the point first struck, then the direction of projection 
must meet the unit sphere drawn with its centre at the point 
of projection within a small ellipse whose equation when 
referred to certain axes is very approximately 

(? {cf cos" 2 a + y' cos' a) = c^ sin' a cos' a. 

34. Three particles of equal mass which attract one 
another according to the law of the inverse square, are free 
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to slide on three wires which form the edges of a prism whose 
base is an equilateral triangle. If the system is slightly dis- 
turbed from its position of equilibrium, prove that it executes 

a small oscillation in the time iir Ja^/Sm ; m being the mas 
of a particle and a the mutual distance of the wires. 

35. A particle is free to move along a helix whose axs 
is vertical, and a centre of force whose accelerating effect is 
fi X distance resides in the axis of the helix. The particle is 
so placed as to be in equilibrium, and the centre of attractioa 
then begins to move vertically upwards with a velocity 7; 
prove that after a time t 

/Asin*a(«sina-F0' + (5sina-F)' = F«, 

8 being the arc of the helix measured from the position of 
equilibrium, and a the angle which the helix makes with the 
horizon. Hence determine s in terms of t 

36. A circular tube of smooth bore has its centre fixed 
above a rough horizontal plane and is made to roll uniformly 
in contact with the plane. Shew that the motion of a partide 
of unit mass within the tube is given by 

a^ — all* sin* a sin ^ cos ^ + ^ sin a cos ^ = 0, 

and the pressures towards the centre and perpendicular to 
the plane of the tube are determined by 

a{<j> + fl cos a)' + aSV sin' a sin* <f> + gsma cos ^ = jR, 

2a^n sin a cos <f> + afl* sin a cos a cos — ^ cos a = Sf, 

where fl is the angular velocity of the point of contact round 
the vertical and a the inclination of the plane of the tube to 
the horizon. 



CHAPTER X. 

THE HODOGRAPH AND THE BRACHISTOCHKONE. 

1 68. The Hodograph. If from any fixed point a straight 
line be drawn parallel to the direction of motion of a moving 
point and of a length proportional to the velocity of the point, 
the locv^ of its extremity is the hodograph of tiie path of the 
point. 

Polar equation of the hodograph. 

If be the inclination, to any fixed direction, of the tan- 
gent to the path, and if the velocity —fid), 

then r = cfiff) 

is the polar equation of the hodograph, c being any constant. 

. For example, if a heavy particle slide down the arc of a 
smooth vertical circle from its highest point, the hodograph is 

r* = 25rc (1 - cos ^). 

Again, if a particle describe an ellipse under the action of 
a force to its centre, v a CD, Art (105), and therefore the 
ellipse is its own hodogiaph. 

159. If OP and OQ represent, in direction and magni- 
tude, the velocities of a particle of the times t and t + it, PQ 
represents, by the tiiangle of velocities, the velocity imparted 
during the time Bt, and therefore if / be the acceleration of 
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the particle, PQ is the direction of the acceleration, and 
length =fBt 




Hence it follows that the tangent to the hodograph is 
direction of the acceleration, and that, if a- be the arc of 
hodograph, /= cr, that is, the veloci^ in the hodograph ij 
equal to the acceleration of the particle. 

If for instance a particle move in a plane curve under 
action of a force making a constant angle with the directic 
of motion, the hodograph is an equiangular spiraL 

In general, if x, y, z he the co-ordinates of a particle i| 
motion, and ^, 97, ^ the co-ordinates of the hodograph, 
have 

and from these the equations of the hodograph can be found 

Thus, if a heavy particle slide down a smooth helix, 
axis of which is vertical, 

x = acos0y y^asind, z^^aOtoxLo, 
and 2gz = t;« = dp« + 2/' + i" = a* sec*a^ ; 

/. f = sin ^ cos a ^2ga0 tan a, 7) = cos0cosa'^2ga0tsaia, 
and (^ = sin a ^2ga0 tan a. 

Hence ^ + ^* = {* cot* a, shewing that the hodograph is 
curve drawn on the surface of a right cone, a result whi( 
presents itself at once from the geometry of the case. 
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160. In the particular case of central forces, the hodo- 
graph is the reciprocal polar of the path, turned through a 
right angle. 




For, if flfQ = F= h/p, 8Q will be the radius vector of the 
hodograph, turned through a right angle. Or, which is the 
same thing, the hodograph is the inverse of the pedal curve 
turned through a right angle. 

Hence for a conic section described under the action of a 
force to the focus, the hodograph is a circle. 

If jt? ^/(t) be the equation of a central orbit, the equation 
of the hodograph is 



^■o- 



For QE, the perpendicular on SP, is the tangent to the 
path of Q^ and 

In all cases of free motion under the action of parallel 
forces the hodograph is obviously a straight line. 
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If ^ be the starting-point, VA = a and VP = r, 

t;* = 2(7 cos a (r — a), 
and the expression, 



V©*+^'«^*" 



r — a 



d<l>. 



where ^ is the azimuthal angle is to be a minimum, from 
which condition we obtain 

^^V ^ • « r^sin'a — c(r — a) 



©--»• 



,d^/ c (r — a) ' 

as the differential equation of the brachistochrone. 

At the limit )9, employing the boundary equation, «e 

df 
find that ^-r = 0, and therefore that the brachistochrone is 
(Uf> 

horizontal at its lower extremity. 

The fact that the curve passes through the point (a, 0) 
theoretically determines o, and the radius to the lowest point 
is given by the positive root of the equation, 

r* sin* a — c (r — a) = 0. 

165. A particle moves under the action of a repulm 
force from a fixed point varying as the distance ; and starti 

with the velocity */Jl . OA from the point A. 

i 
To find the brachistochrone to another point B, we first 

observe that, at a distance r, 



and therefore 



[vA^' 



de 



r 
is a minimum, the limits being constant. 

This leads to r-j-= C, 

as 

shewing that the brachistochrone is an equiangular spiral. 
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If it be required to determine, in this case, the brachisto- 
chrone from the fixed point A to a. given curve, r^f(0), we 
have, in addition to the equation, rd0 = Ods, the boundary 
condition. 

Taking r^, 0^ as the co-ordinates of the bounding point B 
on the curve r =/(^), this condition is 

l(dr\ 



y<-©: ' 




Now, if BB be a small arc of the given curve and 
BOB" = d0^, and if the dotted line BF represent part of the 
brachistochrone, and B'E the slightly variated curve, meeting 
in JS the radius vector OB, then Sr^ = — BE. 

From the figure it will be seen that 

BE^EL-BL^BLQotEBO-RLootBB'O, 

and therefore Br, = if (0,) - (^) I d0,. 

Substituting in the above equation, and observing that 
d0, is an arbitrary quantity, we obtain 



fd0\ r, ^ ^ 



.(^). 



See Todhtmter'g Integral Caleuiut, Art. (368). 



14—2 
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proving that the brachistochrone must iDtersect the given 
curve at right angles. 

To complete the solution, we obtain from rdd = dfo, the 
equation 

r = a€*<^*, where a = 04, 

and, to find r^, 0^ and a, we have the above equation {A\ 
with the equations, 

^, =/W'^i = ««•'"**•• 

166. The brachistochrone for a particle'moving in a given 
field of force. 

The system of the particle and the field, being a conser- 
vative system, as in Art. (143), we know that the velocity 
depends upon the position of the particle, and therefore, ifc 
be its velocity when passing through the point (a?, y, z). 

For the brachistochrone we have to make the expression 

J V J V 

a minimum, p and q standing for dy/dx and dz/dx. 

The methods of the Calculus of Variations (see Todhun- 
ter's Integral Calculus, Art. 364) lead to the equations. 



d tV 






which reduce to 



d^ dsds dy ' 

^^_dvdz dv^^ 
d^ dsds dz 



(^); 



i 
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uAJ dz 

Multiplying by -^ and j- respectively, and adding the 

results, we obtain the symmetrical equation 

6?x dvdx dv ^^ 
cfe* ds ds die" ' 

Any two of these three equations determine the brachisto- 
chrone. 

167. The brachistochrone for a particle constrained to 
move on a given smooth surface. 

Taking K and L to represent the left-hand members of 
the equations (A), we have in this case 

r\K8y-^LSz)dx = 0; 
and also, if ^ (a?, y, 2:) = be the given surface, 

dy " dz 
We hence obtain the single condition 

K L 

dff> d(f> ' 
dy dz 

and this equation, with <t> (x, y, z) = 0, determines the brachis- 
tochrone. 

168. In the case of a particle moving in a field of force, 
if v be the velocity of the particle, and V the potential 
energy, the equation of energy is 

From this equation we obtain 

dv dV ^ 
mv -f- = — i — = mA , 
ax ax 

if mX be the acting force. 



^ 
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The equations of Art (166) now become 

• c& iT dv dx ■,, ^ 

,d^z dvdz , _ - 
"^d^-'dsdi^^-^- 

If X» li, y be the direction cosines of the binormal we 
obtain 

and hence it follows that 

the osculating plane contains the resultant of the a^ing forces. 

Again, multiplying by the • direction cosines (I, m, n) of 
the principal normal, and adding, we find that 

-+lX+mY+nZ=0; 
P 

that is, the component of the acting force in direction of tlie 
principal normal is equal to — mv^jp. 

Now, for free motion, the force along the principal normal 
is equal to mt;*/p. 

If then the normal force be reversed in direction, the 
tangential force remaining unchanged, a free path beoomes a 
brachistochrone, and the converse is equally true. 

In other words the forces are reflections, or images, of 
each other with regard to the tangent, both in direction and 
magnitude. 

This theorem is due to Professor Townsend, and is given 
with illustrations in Vol. XIV. of the Quarterly Jowmal ^, 
Mathematics. 

For instance, if a particle move in the curve, « = 4a sin 
under the action of a force inclined to the direction of motiot 
at the angle 7r/2 + ^, it will be found that the force 
constant. 
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The image of this case is the cycloidal brachistochrone 
under the action of gravity. 

For another example take the case of an ellipse described 
fireely under the action of forces to the two foci, each varying 
inversely as the square of the distance. 

The same ellipse will be a brachistochrone for repulsive 
forces from the two foci, each varying inversely as the square 
of the distance from the other focua. 



EXAMPLES. 

1. A point moves in a straight line under the action of 
a force varying as the distance from a point in that line ; 
prove that the corresponding point in the hodograph moves 
as though acted upon by a similar force. 

2. One particle describes a given orbit about a centre of 
force, and another particle describes the hodograph of that 
orbit under the action of a force in the pole of the hodograph, 
shew that the product of the accelerations of the particles at 
two corresponding points of their orbits varies as the product 
of the central distances of those points. 

3. If P and Q be the tangential and normal forces, and 
^ the inclination of the tangent to a fixed direction, the 
hodograph is 



r [^ P 



4. A smooth elliptic tube is placed with its major axis 
vertical and a particle allowed to slide down it, starting from 
rest at the highest point ; shew that the hodograph is given 
by the equation 

r = csin^-|cot 



l|cot-(|cot^)}. 



5. Prove that the hodograph of a central orbit can 
itself only be a central orbit under the action of a force to the 
origin from which its radii are drawn when the central orbit 
is an ellipse or hyperbola. 
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6. A heavy particle moves on a rough curve in & 
vertical plane so that the pressure on the curve is constant 
Prove that its hodograph is a conic described as about a 
centre of force in the focus. 

7. If a particle describe a lemniscate under the action of 
a force to the pole, prove that the hodograph is of the form 

7^ = a sec' ^ — . 

8. If a particle move in a brachistochrone in an open 
field of force the pressure on the constraining curve is 2mTJp. 

9. A rough tube in the form of a cycloid is placed with 
its axis vertical and vertex upwards. A heavy particle is 
projected along the tube from the vertex with a given 
velocity F, find the velocity in any subsequent position. 

If the coefficient of Motion be tan X, and the initial 
velocity be to that which would be acquired in descending 
freely down the tube, supposed smooth, as sin X : 1, prove 
that the hodograph is a circle. 

10. Find the hodograph in the cases of motion in a 
cardioid under the action of a force to the cusp. 

11. One circle rolls uniformly on the circumference of 
another, on the outside ; find the hodograph of a point on the 
circumference of the rolling circle. 

12. Find the hodograph in the cases of the motion of a 
heavy particle on a smooth cycloid, the axis of which 
is veitical and the vertex (1) upwards, (2) downwards. 

13. A particle is moving under the action of a force 
perpendicular to and proportional to the distance from the 
line of zero velocity, shew that the brachistochrone is 
a circle. 

14. Prove that a parabola is a brachistochrone, 

(1) for a constant force from the focus ; 

(2) for a force from the directrix varying inversely a& 
the square of the distance from the .directrix. 
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15. Prove that if the force vary inversely as the cube of 
the distance from a fixed point, the brachistochrone will be 
an equilateral hyperbola. 

16. Shew that the parabola is brachistochronous for a 
force acting perpendicularly from its axis, and varying directly 
as the axial and inversely as the square of the focal distance, 
the line of no velocity coinciding with the axis. 

17. A particle moves in a vertical plane in a medium 
whose resistance is hf\ determine the hodograpL Shew 
that it will be an algebraic curve if n be an odd integer. 

Defining the instantaneous parabola as the parabola that 
would be described if at any instant the resistance cease to 
act ; shew that the vertex of such a parabola is at any instant 
moving downwards at an angle tan"* (^ tan <^) to the horizon, 
where <f> is the angle the particle's path makes with the horizon. 

18. Two particles are describing free paths in one plane 
which are holographs to one another; if the particles be 
always at corresponding points, prove that the paths must be 
conic sections, and find the nature of the forces acting on the 
particles. 

19. A body moves on a right circular cone, the velocity 
varying as the nth power of the cosine of the angle of 
inclination to the vertical ; and the body moves along the 
curve of quickest descent from one given point to another. 
Shew that, if the cone be developed, the path will become a 
curve such that the perpendicular on the tangent varies as 
some power of the polar subtangent ; and find the curves for 
the cases n — \ and n = 0. 

20. If the velocity of a carriage along a road is propor- 
tional to the cube of the cosine of the inclination of the 
road to the horizon, determine the path of quickest ascent 
from the bottom to the top of a hemispherical hill, and shew 
that it consists of a spherical curve described by a point of a 
great circle which rolls on a small circle described about the 

pole with a radius ^ , together with an arc of a great circle. 

How is the discontinuity introduced into this problem ? 
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21. Prove that any curve which is a free path for a 
force to a fixed centre is also a brachistochrone for an equal 
force enveloping its caustic by reflexion from the fixed centR 
as focus. 

22. If the particle move in the brachistochrone between 
two given points on a surface of revolution, prove that the 
area swept over by the radius vector on the horizontal pLuif 
is proportional to the action. 

23. A projectile moves under gravity in a unifom 
medium whose resistance varies as the velocity. Prove that 
the hodograph of the trajectory is a straight line, and that 
the velocity of the point on the hodograph is proportional to 
the horizontal velocity of the projectile. 

24. Find the hodograph of an elliptic orbit described 
under the action of a force to the focus, and hence prove that 
the mean value, taken with regard to time, of the invene 
square of the radius vector is equal to the product of dfi 
reciprocals of the semiaxes. 

25. A particle moves freely under the action of a foia 
whose direction is always parallel to a fixed plane, and 
describes a curve which lies on a right circular cone and crossei 
the generating lines at a constant angle, prove that ila 
hodograph is a conic section. 

26. A heavy particle is projected from a given point 
along a smooth groove cut on the surface of a right circular 
cone, whose axis is vertical and vertex upwards, vdth tie 
velocity due to the depth from the vertex. Prove that, if 
it reach another given point not more than half way round 
the cone in the least possible time, the curve of the groove 
must be such as would if the cone were developed become i 
parabola with the point corresponding to the vertex as foco* 

27. A particle, acted on by a central attractive fort* 

whose accelerating effect at a distance r is . , 2\^ > ^ being 

a constant, is projected from a given point with the velocitj 
from infinity ; prove that the form of the groove, in which it 
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must move in order to arrive at another given point in the 
shortest possible time, is an hyperbola whose centre coincides 
with the centre of force. 

28. A particle is constrained to move on a surface of 
revolution under the action of forces the directions of which 
pass through the axis, and which depend upon the distances 
from the axis or from fixed points in it ; find the differential 
equation, (in r and 0, or in any other form,) to the projection, 
on a plane perpendicular to the axis, of the brachistochronous 
path between two points on the surface, and prove that the 
velocity at any point is proportional to the distance from the 
axis, and to the sine of the angle between the path and the 
generating curve through the point. 

If the surface be a hemisphere, and the force be attractive 
and vary as the distance from the axis, it may be shewn that 
when the starting-point is in the rim of the surface, the 
projection is a straight line. 

29. Find the differential equations of the brachistochrone 
on the surface of a sphere which is rotating round a diametral 
axis with uniform angular velocity. 

Prove that if r and be the co-ordinates of the projection 
of the particle on a plane perpendicular to the axis, f will be 
proportional to the resolved part of the force of constraint 
prpendicular to the meridian plane of the particle at any 
instant, and that under certain conditions the equation be- 
tween r and assumes the form 

a = r cosh md. 

30. The velocity of the curi'ent in a stream is proportional 
to the distance from the bank. A man who swims at a given 
rate wishes to get as far as possible down the river in a given 
time ; shew that he must start from the bank at an angle 
whose tangent is proportional to that time. 
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MOTION OF TWO PAETICLEB ACTING ON EACH OTHEB. 

169. If two particles, attracting each other, move in a 
plane, we know that their centre of gravity is either at rest 
or is in motion with a velocity constant in magnitude and 
direction. 

Having given the velocities at any instant we can find 
the velocity of the centre of gravity, and by reversing this 
velocity on the whole system we find the velocities of the 
two particles relative to their centre of gravity, and the case 
is then reduced to that of a central force. 

In all cases the force of each particle on the other is 
proportional to the product of the masses and a function of 
the distance, and therefore by a proper choice of units is 
represented by the expression mm' (r). 

If m, m' be the masses of the particles, and u, u' their 
initial velocities relative to their centre of gravity, these 
velocities are in parallel and opposite directions, and are such 
that 

mu = wV. 

It is evident that the two paths about G are similar 
curves. 
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If PQ = r, and if mm' ^ (r) be the force exerted by each 
particle on the other, then, considering the motion of P, this 
force 



= mm Si 7— GP)-i 

I wi J 



which is a function of the distance GP^ and the motion is 
therefore determined as in Chapter VII. 




If the path of P with regard to be determined in the 
form, OP =f(d)y the path ,of P relative to Q is given by the 
equation. 

Or, we can determine the path of P relative to Q by 
finding the initial velocity of P relative to Q, and observing 
that the acceleration of P relative to Q is 

{m'\-m')it>{PQ\ 

which again reduces the case to that of a force to a fixed 
centre. 
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170. Motion of two particles in a plane attra^ng eoA 
other with a force varying as the dista'nce. 

The force on P=mm PQ=m (m+m') GP, and the acceleia- 
tion of P in the direction PG = (m + mT) GP, hence it folloii 
that P describes an ellipse about G as centre in the tuoe 
2Tr/Jm + m', and that, if u be the initial velocity of P relaine 
to G, the semidiameter conjugate to GA = ujjrrh + m'. 

If Uy u be the initial velocities of P and Q relative to ft 
so that mw = m'w', the initial velocity of P relative to Q 

= u •\- u = {m '\- ra) ujm', 

and the acceleration of P re lative to Q = (m + m') PQ, so that 

the periodic time is 27r/^m + m', and the semidiameter, 
conjugate to AB, of the relative path 

= u Jm + m'/ni. 

These last results are of course at once derivable by geometry 
from the preceding. 

171. Motion of two particles in a plane when the law of 
attra^ion is that of the inverse square of the distance. 

Taking the force between the particles to be 
mw7(Distance)*, the acceleration of P in the direction P6 

= m'IP(^ = m'^lim -f m')* P G\ 

and hence it follows that the path of P relative to & is a 
conic of which (? is a focus. 

This conic is a parabola, ellipse, or hyperbola according as 
V? is equal to, less than or greater than 2nif^/{m + m'YAQ, 

If the relative path is an ellipse, its transverse axis 2a is 
given by the equation , 

{m^my\AG 2aJ ' 

and the periodic time = 27ra* (m + w')/m . 

In the same manner if the law of attraction be that ol 
the inverse cube of the distance, the relative paths may b 
equiangular spirals, provided the relative velocities st 
properly adjusted. 
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172. K the two particles are not initially projected in 
the same plane, we must find the velocity of the centre 
of inertia of the system, and, by reversing it on each body of 
the system, we shall obtain their velocities relative to the 
centre of inertia. These velocities will be in parallel direc- 
tions and such that mu = m!u\ and the plane passing through 
them is the plane of the relative motion. 

Hence it is seen that the actual motion consists of the 
motion in the plane, while the plane, remaining parallel to 
itself, moves with the centre of inertia. 

173. We can also obtain these results from the equations 
of motion. 

For, i£ X, y, z be the co-ordinates of one particle, x\ y\ / of 
the other, r the distance between them, and B the force of 
each on the other, the equations of motion are, 

mx = — it , my = — it *- — ^ , mz^^ — R — , 

r V T 

rax ^R -, my —R- — —, mz —R . 

T T T 

Hence we obtain 

x—x^y—y^z — z _ j^m + w 
x — x' y — yf « — «' mmr ' 

and, integrating, we find that 

(-^-/)(a;-i?')-(a;-a?')(i-i') = £, 

(^-^')(2/-y')-(y-2^)(*-^) = c', 

A^ By and G being constants, 

and /. il(a;-a:') + J5(y-/) + C(^-O = 0, 

shewing that the line joining the particles is always perpen- 
dicular to the line 

X ^y _z 

A'^B^JJ' 
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174. Motion of two heavy particles, connected by « 
inexteneible string, and projected in any manner. 

If the initial distance of the particles from each other le 
less than the length of the string, there will be, after a certaii 
time, a jerk of the string. The velocities perpendicular t» 
the string will be unchanged, and the change of the velocitiea 
in direction of the string will be determined by the considera- 
tion that the momentum of the system in that direction wil 
not be affected by the jerk. 

For the subsequent motion, since the tension of the stnig 
produces equal and opposite momenta in any given tinie,h 
follows that the horizontal momentum, in any direction, of 
the system is constant, and that the vertical momentum 
imparted to the system is the same as if there were na 
string. 

If then u, V be the component horizontal velocities in 
given directions, at any time, of one particle, and u\ v' of the 
other, 

mu + 7n^u' and mv + mv' 



are each constant, and if w, vf be the initial vertical velocities, 
measured downwards, the vertical momentum of the system 
at the time t is 

mv) + mv) -V^m^r rn) gt. 



Taking then a, 0, y as the component velocities of 

centre of inertia, the horizontal resultant Ja*-\- $^ is constant 
in magnitude and direction, and 

(m + w') 7 = mw -f rnw' + (m + m') gt, 

so that the motion of is the same as that of a projectile. 

Further, if we imagine the velocity and acceleration of Q 
reversed on the system, we shall have the case of* two 
particles connected with G by strings of given length, and 
consequently the motion of each will be circular, and 
tension of the string will be constant. These are particular 
cases of the theorems of Arts. (41) and (45). 
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175. We can obtain the same result by means of the 
equations of motion. 

If T be the tension and I the length of the string, these 
equations are 

mx = — T — J — , my^ — T^—j^f mz = mg—T — j — , 



^rH^T"^-^, my=r^^^, fnT = w^ + r 



z — z 



The addition of the several pairs of equations gives the 
first result. 

Also we find as in Art. (172) that the string is always 
perpendicular to a certain fixed direction. 

Further we have 

and therefore 

(x - x") (x-^x) + {x - xy + =0. (a). 

But from the equations of motion 

\m mj I 

and substituting in the equation (a) we deduce that T is 
constant. 

176. Motion of a number of free particles, attracting each 
other tuith forces proportional to the distance. 

In this case, by a well-known theorem, the resulting 
action on each particle is directed to the centre of gravity of 
the system, and is proportional to the distance from it. The 
particles therefore describe, relative to O, ellipses of which 
is the centre, and in the same periodic time. 

B. D. 15 
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EXAMPLES. 



1. Two bodies attracting each other with a force 
varies inversely as the cube of the distance are projected in 
parallel directions ; find the condition that the relative pajtld 
may be equiangular spirals. i 

2. If two particles of masses /i, fi attract according to 
the law of gravitation and be projected with velocities p,iJ 
making an angle a with each other ; shew that their orbffl 
relative to their common centre of gravity will be pa» 
bolas, ellipses, or hyperbolas, according as 



r — 2vv cos a + V ' < — - — ^-^ , 

> c 

where c is their initial distance apart. 

3. Two bodies, the masses of which are m and mM 
projected from the points A, B, and attract each oi« 
according to the Newtonian law. The body m is project 

from A in the direction BA with a velocity a/ , ai| 

m is projected from £ in a direction BP with a velocity 



V ~AB~ ' 



cos PBA ; 



determine completely the path of either with regard to 18 
other. 

4. The co-ordinates (Xy y), (x^, yj, of the simultane* 
positions of two equal particles are given by the equations 

x=^ad — 2a sin 0, 0?^ = a0, 

y = a — acosO, y^ = — a + a cos ; 

prove that, if they move under their mutual attractia 
the law of force will be that of the inverse fifth power of tj 
distance. 
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5. Two particles move under the action of their mutual 
attractions, one of them being constrained to remain on a 
fixed smooth wire in the form of a plane curve : if the path 
of the other be an involute to this curve and the two particles 
be always at corresponding points, the curve has for its 
intrinsic equation 

where m is the ratio of the masses of the particles. 

6. Two equal bodies attract each other with a force 
varying inversely as the fifth power of the distance, and they 
are projected with equal velocities, in opposite directions, at 
right angles to the line joining them ; prove that there are 

two velocities, in the ratio of 1 ; *J% for each of which the 
relative orbits will be circles. 

7. Two masses m, m' are connected by an inextensible 
string of length a. The extremity A to which m is attached 
is compelled to move with uniform acceleration in a straight 
line under the action of a force P in the straight line, and the 
extremity B to which m is attached, is compelled to describe 
a circle round A with uniform angular velocity o) under the 
action of a force Q perpendicular to AB. Find P and Q,and 
prove that the least value of P is 

mf -rj— provided aoi? bo < 2/. 

8. Two smooth circular rings (of radius a) are placed in 
a vertical plane with their centres in the same horizontal 
line at a distance 3a. Two equal beads (of mass m) slide on 
these rings and are connected by a thin elastic string, of 
which the natural length is 3a and modulus of elasticity 
3\mgr. They are held as far apart as possible and then let go. 
Find when they come to rest. 

In the particular case in which X = 1, find the whole time 
of the motion. 

9. Two equal particles can move on a fixed smooth 
circular wire and attract each other with a force varying as 

15—2 
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the distance between them. Prove that their centre oi 
gravity moves with uniform angular velocity, and that tk 
relative motion of one with respect to the other is the samt 
as the motion of a simple pendulum. 

10. Two beads of equal mass repelling one another^ 
a force varying inversely as the square of the distance » 
free to slide on a parabolic wire. If they are initially at tk 
extremities of the latus rectum, prove that if propeit 
projected the line joining them will always pass through th 
focus of the parabola. 

11. The attraction between two equal particles, each ( 
mass m, is fim*/r^, when r is the distance between them, m 
they are projected with equal velocities on the same sidei 
the line (c) joining them in directions not parallel h 
equally inclined to that line ; prove that the path of eac 
will be an ellipse, parabola, or hyperbola, according as tii 
initial component of each velocity in direction of the to 

is less than, equal to, or greater than J^fim/c^. 

12. Two small rings, each of mass m, which attract ea( 
other with the force ma)* x distance, are placed on smoo* 
-wires Ox, Oy, inclined to each other at a given angle, wb 
commence to move in their own plane with angular veloa 
a>, and continue to move uniformly. Determine the mot 
of the rings. 
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ENERGY AND MOMENTUM. 



177. It is intended in this, Chapter to illustrate the use 
of the principles of momentum and energy which were laid 
down in Articles (40), (43) and (48) of Chapter IV. 

In many cases problems of motion are very rapidly and 
easily solved by the aid of these principles, and in all the 
cases to which they are wholly or partially applicable, the 
problem of determining the motion of a body or a system is 
reduced to the solution of equations containing differential 
coefficients of the first order, or simple time-fluxes of the 
co-ordinates of the system. 

178. Motion of two spheres which attract each other 
according to the law of naturey of given masses m and m', and 
given radii a and a, placed originally without kinetic energy 
with their centres at a given distance cfrom each other. 

Supposing that the configuration of zero potential energy 
is when the spheres are in contact the potential energy of 
the initial configuration, which is the work done in separating 
the spheres, 



-/: 



mm , mm mm 



a+a' r^ « + «' 

Diuring the subsequent motion let u and u^ be the 

velocities of the two balls when their centres are 
distance r from each other. 
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The principles of momentum and energy give the two 
equations, 



fwm 



c ' 



- • t / /• mm! mm mm 

Imvr •\rimvr-\- —-—, = — r— ' - 

^ ^ a+a r a+a 

or ^ {mu^ + m'u'^) = mm' ( j, 

from which u and u are at once determined in terms of the 
distance. 

179. Motion of a simple pendulum. 

If a simple pendulum of length I start from the inclinatioa 
a to the vertical, the work done by gravity as the pendnlnffl 
£eJ1s to the inclination 6 is m^ {I cos — 1 cos a), and the kinetk 

energy is l^mP^. 

Equating these we find that 

^ = -^(cos^-cosa), 

nd • — = /^ 1 

"d0~V 2gjoof0^co8a' 

If a is very small, this is approximately 



dt 



wi 



from which we obtain ^ =a cos k/j t as in Art. (126). 

180. Motion of two equal heavy particles, fastened to 
ends of a rod witliout weight, and oscillating in a 
plane inside a smooth sphere. 

Taking a for the radius and 2c for the length of the 
the equation of energy is 

2 {ima'^1 = "Imgja^-e (cos - cos a), 
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being the inclination of the rod to the horizon, 



or 

a 



^ - -^-^L_ (cos — cos a). 



Comparing this with the first equation of the last article 
we see that the length of the equivalent simple pendulum 
is 

a' -^ Jal' — c\ 

181. Motion of a compound pendulum, that is, of any 
rigid body, or connected system of bodies, about a fixed 
horizontal axis, 

being the centre of gravity of the system and 00 its 
distance from the axis, let be the inclination oi 00 to the 
vertical at any time during the motion. 

If P be the position of a particle mass m of the system, 

and if OP = r, the kinetic energy of the particle m is ^mr^0^, 
for the angular velocity of OP is the same as that of O, 

Hence the equation of energy gives 

S {\mr^^) = Mga (cos — cos a), 

if 00 = a, and M = the total mass. 

The expression S {mr^) is called the moment of inertia of 
the system about the axis, and is generally represented by the 
expression M¥, so that 

e" = -^ (cos - cos a). 

Comparing this with the first equation of Art. (179), we 
see that the length of the equivalent pendulum is 1^ -r- a, so 
that if I be the length, 

la = h*. 

The point in 00 at the distance I from is called the 
centre of oscillation of the system, the point being the 
centre of suspension. 



1 
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182. The evaluation of the expression 2 (mr^ fa 
particular cases is an exercise in the Integral Calculus. 

In the performance of the calculation two facts are d 
great utility; these are 

(1) That the moment of inertia of a rigid body about m 
axis is eqnal to the moment of inertia about a parallel axki 
through the centre of gravity together with the product of tie 
mass by the square of the distance between those parallel 
axes; 

(2) That the moment of inertia of a plane lamina abouV 
any axis perpendicular to the plane is equal to the sum of tbe 
moments of inertia about any two axes in the plane, per- 
pendicular to each other, drawn through the foot of the axtt 

For the first let r' be the distance of any particle from tin 
axis, and r its distance from the parallel axis through G. 

Then if h be the distance between the axes, 

S(mO = Sm('r' + A'-2Arcos^) = S(mO + ^A'. 

For the second, if x and y be the distances of any partidj 
of the lamina from the axes in a plane 

2 {mr') = Sm (j^ + y") = S (ma?) + 2 (mf). 

For convenience a few simple results may be stated, takin 
in all cases -Was the mass of the body, and Mi? as representiiil 
the moment of inertia. 

For a straight rod of length I about an axis through ob 
end perpendicular to the rod, A;^ = JP ; and hence, if the axi 
pass through the middle point, I(? = ^^P*. 

For a circular ring, about the line through its centi 
perpendicular to its plane, Ai* = r*. For a circular lamina aboJ 
the line through its centre perpendicular to its plane fc* =ij 

For a parallelopiped of edges a, 6, c, about the edge c. 
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For an elliptic area about the transverse and conjugate 
axes, F = {b^, and A* = ^a', 

and about the line through its centre perpendicular to its plane 

Qc'^-la' + b'). 

For a sphere about a diameter, A* = |r'. 

For a solid ellipsoid about the axis c, 

183. Expressions for linear and angular momenta. 

Considering motion in one plane, if x and y be the 
co-ordinates of a particle m of the system, the linear 
momenta parallel to the axes, are X{mx) and 2 (wiy), or, if f, t? 

be the co-ordinate3 of the centre of gravity, M| and Mt). 

The moments about the origin of the momenta mob and my 
being — Tnxy and myxy the angular momentum of the system 
is 

Sm {xi/ — yx). 

In polar co-ordinates mrO is the part of the momentum 
perpendicular to the radius vector, and therefore the angular 
momentum is 

t (mr^6). 

If A be the area swept over by the radius vector, 

2A=:xy-'yx^r^0, 

so that the angular momentum is 

2tmA. 

Again, if p be the perpendicular on the tangent to the 
patl^^of the particle m, the angular momentum of the system is 

2 (msp), 
and, since pds = r^d0, and I' = ^ ^^ "" y j~ > 

this expression at once transforms itself into either of those 
precedmg. 



k 
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i 



In the case of a single rigid body, revolving about asd 

with which it is rigidly connected, is the same for all 
particles, and the angular momentum is 

Mk'e, or JfiV 



184. For motion in three dimensions the expressions ij 
the linear and angular momenta are 

t {mx\ t (my), t (mz\ 
2m (yz — zif), Xm {zx — xz), 2m {xy — yx). 

If we take f , 17, ^ as the co-ordinates of the centie 
gravity, and a?, y, z as the co-ordinates, relative to 6, of 
particle m, the angular momentum about the axis of z 

«2{m(f+a?)(i) + y)-(i7 + y)(f + ^)}, 
= JIf(fi7 - lyf) + 2m (xy - yx), 
since 2 (mx) = 0, and 2 (my) = 0. 

Hence it follows that the angular momentum of a syste 
about any assigned axis, is the sum of the angular niomend 
due to the motion of the particles of the system relative! 
the parallel axis through the centre of gravity, and of i 
angular momentum due to the mass of the system suppos 
to be concentrated at, and moving with, the centre 
gravity. 

It may be instructive to present the proof of this stJ 
ment in another form. 1 

Let and be the projections of the assigned axis ani 
the centre of gravity on a plane perpendicular to the d 
GA the projection of the line of motion of (r, and ^^l 
projection of the line of motion of a particle. 

Taking m as the mass of the particle and u asi 
component in the line FK of its velocity, and taking! 
parallel to FK, 

The angular momentum about the axis 

= 'Z(mu.OF) = :Z(mu.OE)i-X(mu. GK). 
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If u be the velocity of G in the direction GA, the first 
term, which is the sum of the moments about of a number 
of momenta in lines through (?, is equal to the moment of 
their resultant, and therefore 

= Mu . OK 




The second term 

= X{m(u — u cos 0) GK] + w2 (mGK cos 6), 

But ^ {mGK cos 0)=t{m.KL) = O, 

and therefore the second term represents the angular mo- 
mentum due to the motion of the particles of the system 
relative to the centre of gravity. 

185. In the case of a single rigid body, when the motion 
is entirely in two dimensions, an expression for the angular 
momentum is 

if p and <^ be the co-ordinates of the centre of gravity. 

Take, for instance , the case of a number of rigid bodies, 
rotating about the same fixed aods with given angular velocities, 
and becoming suddenly, or gradually, connected together. 
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In this casef the total angular momentum is unchj 
and therefore, if ml^€d be the original angular moment 
one of the bodies, and fl the final angular velocity of 
system, 

186. Expressions for kinetic energy. 

For motion in two dimensions, the expression in 
angular co-ordinates is 

and in polar co-ordinates, 

For the case of a rigid body in motion about a fixed 
the kinetic energy is 

iS (mr*^") or ^Mk^d". 

For motion in three dimensions the expression for 
kinetic energy in rectangular co-ordinates, is 

in cylindrical co-ordinates, 

iSm if + r'^ + i'); 

and in polar co-ordinates, 

^Swi (f» + r*^+r» sin* ^<^*). 

Other modes of expression can also be given and will h 
employed when necessary. 

If a?, y, z be co-ordinates relative to the centre of gravilj 
the kinetic energy 

= J.2{m(| + ^)» + (i7 + 2/)' + (?+in, 
= iM(i* + ^'-h?^H-i2w(i» + y» + ^'). 

So that the kinetic energy is the sum of the energy due tot 
mass M at the centre of gravity and of the energy due to tk 
motions of the particles of the system relative to the cenft? 
of gravity. 
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li^7. In all cases in which no external forces are in 
action the linear momenta and the angular momenta remain 
constant. 

The principle of the conservation of energy of a mechanical 
system, that is to say, the assertion that the sum of the 
potential and of the visible kinetic energies is constant, 
applies to all those cases in which the potential energy 
depends on the configuration of the system, and in which 
the change of potential energy, due to a' change of con- 
figuration, is independent of the manner in which that 
change is made. 

There is no doubt that, in any system, the total energy 
remains unchanged, unless extraneous force act on the 
system, but, as in the case of impacts taking place between 
bodies of the system, there may be an apparent loss of kinetic 
energy, which is fully accounted for by the development of 
invisible kinetic energy in the form of heat, or in some other 
form. 

9r again, kinetic energy may be created by explosions, 
but in this case, the visible kinetic energy, together with the 
heat added to the system, are the equivalent of the potential 
energy which was lying dormant in the explosive matter 
while in its quiescent condition. 

Internal friction, if due to the sliding of two surfaces on 
each other, is destructive of visible kinetic energy, while, on 
the other hand, visible kinetic energy may be created by the 
action of live things, as for instance in the case of a man 
walking on a rough plank, or a rough ball, or climbing a 
moveable rope. 

In such cases the system is said to be not dynamically 
conservative, although it is really conservative if all the 
transformations of energy be taken into the account. 

188. If an elastic string form part of a system, the gain 
of potential energy due to its extension from its natural 
length is 

^ (Tension) (Extension) ; 
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for the work done in pulling out the string 

::^rTdx^rj{x-l)dx = i-^(r-l)\ 

as may also be shewn by a simple geometrical figura 
such a case the contraction or extension of the strin^r imi 
a transformation of energy, the loss, or gain, of 
energy due to the contraction or extension, being rep; 
by a change in either, or both, of the kinetic energy, ani 
the potential energy due to configuration, irrespective of 
string. 

Energy imparted to a system by the action of an extrm 
couple. 

Any state of motion of a plane can be represented bf 
state of rotation about an instantaneous centre in the pkae 



B 



t' 



If a small displacement, S^, be made round the ia- 
stantaneous centre Ey the work done by the force of tie 
couple 

= P . EBB<f>-'P.EAS^ = P . ABS^= GS^, 

G being the moment of the couple. 

Hence, if be the total angular twist of the couple, tin 
work done 

= I Od<f> = G0y if (? be constant. 



We now proceed to illustrate these general statements^ 
their applications to some particular cases. 



or 



ENERGY. 239 

189. Motion of a heavy rod placed with its lower end in 
contact with a smooth horizontal plane, and let go. 

If a be the initial inclination to the vertical, and at any 
subsequent time, the work done by gravity is 

mg a (cos a — cos 0), 

and the kinetic energy is 

J m (y' + A;*^), where y = a cos 0, 

Hence we obtain 

a' 

^ (sin*^ + ^) ^' = ag (cos a — cos 0), 

^^6gcoaa — cos 
^■"¥ Slin'J+^l* 

190. Motion of a heavy rod, constrained to slide in a 
vertical line, with its lower end on the curved surface of a 
smooth hemisphere, the hemisphere sliding on a smooth hori- 
zontal plane. 

If be the inclination to the vertical of the radius to the 
point of contact, and a its initial value, the work done by 
gravity is m^ra (cos a — cos ^, m being the mass of the rod. 
If M be the mass of the hemisphere the kinetic energy of the 
system is 

^m[-T..acos0] + J if I -^ a sin 51 , 

and therefore 

(m sm'0 + M cos»5) 0" = ^^ (cos a - cos ^. 

191. Motion of a heterogeneous sphere rocking cm a rough 
horizontal plane, the whole motion being parallel to one vertical 
plane. 

Taking as the point of contact of the end of the radius 
CG through when it is vertical, x, y, as the co-ordinates 
of (?, CO = c, and the radius = a, the equation of energy is 

\m {x^ + y' + 1<?0^] = mgc (cos — cos a), 

where a? = a5 — c sin 0, and y = a — c cos 5 ; 

6^{c?-\-c^-- 2ac cos + !(?] = 2gc (cos - cos a). 
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192. Motion of two equal rods, AB, BC, jointed at 
moving, on a smooth horizontal plane, about the fixed poit 

In this case the angular momentum about A andil 
kinetic energy are both constant. 



X 




Taking and <f> as the inclinations to a fixed line on 
plane, the velocity of the centre of gravity, G, of BCis 
pounded of its velocity relative to B, 

that is, a<f) perpendicular to BC, and of the velocity otBt] 

which is 2ad perpendicular to AB ; 

the angular momentum of AB is m -h- ^, and that of BC il 

a' . • 

m ^^-{-maxf) {a + 2a cos (^ — ^)} +m2a5{2a + acos(^-i 

hence the equation of momentum is 



^(J^ + 2cos^-^)+^(J + 2cos^-^ = a 
Again, the square of the velocity of G 



= a*^* + 4a'^' + 4a'<^5 cos <f> - 0, 

4a' • 

the kinetic energy of AB is m -^ 0*, 



a' 



and that oi BC due to rotation is 7?i ^ ^' ; 
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.•. the equation of energy is 

^ ^ + i<l>* + 4i<f>dcos ^^ = C\ 
and C being constants given by the initial conditions. 

These two equations determine and ^. 

193. If a solid body is rotating about a fixed axis, and 
is changing its shape and size, without the action of any 
external force, its angular momentum remains constant, and 
this determines the change of angular velocity. 

If for instance a sphere rotate about a fixed diameter, 
changing its size, but retaining its shape and its homogeneity, 
the angular momentum, which is ^Mt^o), remains constant. 

If the radius change to r, the change in the kinetic 
energy is 

iilf(r'»fi>'»-r*a)^ or ^ ilf ^, (r« - r") ©". 

194. Motion of a heavy rod swinging about its upper 
extremity which is freely jointed to a fixed supports 

If be the inclination of the rod to the vertical, and ^ its 
azimuthal velocity, the angular momentum about the vertical 
through the fixed end and the energy are respectively, 

2 {mr^ sin*^ . (j>} 

and i 2 [mr^0' + mr" sin'5 , ^'j +Mg(a-a cos 0), 

if we assume that the configuration for zero energy is when the 
rod is vertical and at rest. 

Each of these expressions being constant, we obtain for 
the determination of and ^ the equations, 

<^ sin'^ = 11 sin'a, 

|a(^ + ^*sin*^)+5r(l-cos^ 

= I a («' + n' sin^a) +g{l- cos a), 

« and flt being the initial values of ^ and <f>, 

B. D. 16 
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ElimiDating ^ and taking the time-flux of the resi 
equation, we ohtain 

48a0 — 4all" sin* a eosec'5 cot ^ + 3^^ sin 0=^0, 

The condition that the rod may revolve uniformly, so 
to describe a right circular cone of vertical angle 2a, is 

4an'cos a = 3g. 

If while thus revolving the rod receive a slight displace 
ment, not disturbing this relation, the small vibrations in 
will be determined by putting = a+yfr, when -^ is small i 
the above equation. 

The result is the approximate equation, 

4a cos a^ + 3^ (1 + 3 cos 'a) -^ = 0, 

so that the period of the oscillation is 

^Trja cos a / ^3^7 (1 + 3 cos*a). 

195. Motion of a heavy horizontal ring, fitting on t 
smooth vertical cylinder, and supported by a number o/verH- 
cal strings fastened to its upper edge. 

If the ring, when in equilibrium, be started with a given 
angular velocity w, it will rise until the potential eneijr 
stored up by the elevation is equal to the original kinetic 
energy, that is to a height h such that 

mgh = J ma^Q)^, 
a being the radius. 

As the ring rises the strings will form helices on tic 
surface of the cylinder, and, taking I for the length of eack 
string, and the angle through which the ring turns in 
rising through the height z, we have the geometrial 
equation 

P = (Z-5)« + a'^, and /. a^00= {l-- z)z\ • 

The equation of energy is 

^m{z^-\- a^^) = I ma^o)^ — mgz, 

and these equations give and z in terms of z. 
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If, ini^tead of starting the ring with an angular velocity, 
it be set in motion by a horizontal couple G, twisted through 
an ajigle )8, the energy imparted to the system is G/8. 

Part of this energy appears in the form of a change of 
potential energy due to change of configuration, and its 
amount is 

mg [I - Jf^^'^l, 

The diflference, 0^ --mg {l — Jl^ — a'yS'}, is represented by 
the kinetic energy with which the ring starts off in its new 
configuration. 

196. If a heavy elastic ring, in the form of a horizontal 
circle, be placed on the surface of a smooth sphere and allowed 
to slip down, we can determine the motion by observing that 
the kinetic energy is increased by the fall, and diminished 
by the extension of the ring. If a be the radius of the 
sphere, 27rasina the initial length of the ring, and 6 be 
the angular distance of each point of the ring from the 
vertex at any subsequent time, the equation of energy is 

1 2/2 / /i\ ^ « (sin d — sin a)* 

itmao = mqa (cos a — cos ^) — ^ . 27ra ^^ -. . 

^ ^ ^ ^2 sm a 

The condition that the string should just slip over the 
sphere is that 

^:^Owhen^ = |, 
which gives mg sin a cos a = ttX (1 — sin a)^ 

197. A circular wire ring of mass M, carrying a small 
bead of ma^s m, lies on a smooth horizontal table, and is 
capdbie of turning about a fixed point in its circumference. 
An elastic thread the natural length of which is less than 
the diameter of the ring has one end fastened to the bead 
and the other end to the fixed point It is required to 
determine the motion when the initial position of the thread 
coincides very nearly with the diameter of the ring. 

16—2 



n 
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The angular momentum is always zero, so that if OP tbe 
thread be inclined at an angle ^ to the initial position of tbe 
diameter OA, 

where r = 2a cos {(f> + 0). 




Again the equation of energy is 

Jf,2a«^ + m(r« + ry) = y{(2a-Z)«-(r-?/}, 

and these equations theoretically determine and ^. 

When the string contracts to its natural length the kinetic 
energy retains a constant value until by the" motion of the 
bead the string is again put into a state of tension. 

198. If an elastic thready in the forfn of a circle on a 
smootii horizontal plane, be set rotating with a given angvlar 
velocity, the principles of angular momentum and energy give 
the equations 

^ mrd' = tna'a,, 

|m (f* + r*^) = imaV - ^ (»• - a)' J 
and those equations determine r and 6 in terms of r. 
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199. Motion of a wire ring on a smooth hoHzontal plane 
prodiiced by an insect alighting upon it and moving uniformly 
round the arc of the ring. 

As the insect starts with a finite motion there must be an 
impulsive-action, that is, of the nature of a kick, between the 
insect and the ring in direction of the tangent. 

Take Jf, m, as the masses and u as the velocity of the 
insect relative to the ring. 

If Vj V be the actual initial velocities, in contrary directions, 
of the centre of the ring and of the insect, 

MV=mv. 

If 6> be the initial angular velocity of the ring, we have 
the geometrical condition, 

V'{-a(o + v = u. 

Again the angular momentum about any vertical line is 
equal to zero. 

Taking the angular momentum about the vertical line 
through the initial position of the centre of the ring, 

Ma^co = mva, 

and these equations determine V, o) and v. 



During the subsequent motion, G remains at rest, and 
the angular momentum about is zero, so that if and d be 
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the angles turned through by the ring and the radius to the 
insect, 

mP(Pd + MCCPd - Ma^4> = 0, 

or m0 = {M + m)<f>. 

This equation, and the geometrical condition, a(0 + (j)) = u, 
determine and <f>. 

200. A remarkable application of the principle of energy 
has been made by Professor C. Niven in discussing the 
motion produced when a heavy elastic string, suspended 
from one end, is cut at any point*. 

To illustrate this application we take a simple case, in 
which the action of gravity has no effect. 

An elastic string has one end fastened to a fixed poiivt on a 
smooth horizontal plane, and the other end is drawn out to 
any assigned distance, and is then let go; it is required to 
determine the subsequent motion. 

Taking a as the natural length and I as the stretched 
length of the string, the tension T is X (/— a)/a, and if dx be 
the natural length of an element at the end of the string, its 
potential energy, before the end is let go, which is half 
tension x extension. 



= i^(fo; = ^x(-^)(ic. 



When the end is let go, this energy is set free, and is 
immediately converted into kinetic energy. 

Taking m as the mass of unit length, and V as the 
instantaneous velocity of the end of the string, the kinetic 
energy is i^mdxV^, and therefore, 

T /Xl-^a 



7 = 



"V^ 



JrnK \ m a 



The first element being started with this velocity the 
next element will be under the same initial conditions, and 

* On a case of Wave motion, by Professor C. Niven, Messenger of 
Mathematics. Vol. VIII, 



ENERGY. AND MOMENTUM. 247 

will acquire the same velocity, and all the elements in 
succession will acquire the same velocity, so that a wave 
like motion will be propagated from the free end to the 
fixed end of the string. 

To find the velocity of transmission of the wave, we 
observe that when the wave is passing over the element PQ, 



A P Q B 

the tension at P is T and the tension at Q is zero, and 
therefore in the time dt the momentum generated in PQ is 
Tdt 

But this momentum is mdx . V, and therefore 

SO that the velocity of transmission is constant with regard 
to the natural length. 

Hence the time in which the wave travels from B to 
A = ajm/jx, and in this time the free end B will have 
traversed the space Vajm/J\ which is equal to i — a. 

It follows therefore that, when the wave reaches J., the 
string is in its unstretched condition, and every element has 
the same velocity V in the direction BA. 

If we assume that Hook's Law holds for compression as 
well as for dilatation, the kinetic energy will be gradually 
converted into the potential energy of compression, which 
will in its turn be reconverted into the original kinetic 
energy. 

If Hook's law does not hold for compression or if the 
string is so constituted that it is reduced to rest on arriving 
at its natural condition, the kinetic energy, which is ap- 
parently lost, is really converted into heat. 

201. We can explain from first principles why it is that 
the release of the end of the string instantaneously results in 
the production of a finite velocity at that end. 
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Considering a small element at the end B, at the momea 
of release, the force on the element is T and its mass is mk 
so that we have a finite force acting on an infinitesiiu 

mass. 

Now if, by means of a mental microscope, w^e imagia 
the mass magnified so as to become a finite mass, and tb 
force T magnified in the same proportion, we shall have tk 
case of a very large force acting upon a finite mass, the resot 
of which is, as we know, the production of a finite velocity ii 
a very small time, and the smaller we take the element at 
the end B, the more closely do we tend to the ultimate 
form, which is the instantaneous production of velocity at 
the end. 
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1. A heavy particle slides down a chord of a vertical 
circle to the lowest point of the circle, and then ascends the 
curve ; prove that in no case can it rise through more than 
one-sixth of the total arc. 

2. A and B are two pegs very near together and in the 
same horizontal line. A perfectly flexible string of lengtb 
I is fastened at A and hangs over jB, the portion between A 
and B hanging down ; the loose end begins to descend from 
the position of equilibrium : prove that the final velocity 

the string is J^gljZ, 

3. If a system of bodies initially at rest be acted on b] 
no forces but the attractions of its several parts, and at ani 
subsequent time become united as a single solid body, shei 
that this body will be at rest. 

4. A particle is attached to a smooth string which 
over a rough circular arc in a vertical plane ; the particle^ 
initially at the end of a horizontal diameter, is drawn uj 
with constant acceleration gjir; prove that the work expende 
in drawing it to the vertex of the circle is to the work whic 
would be done in lifting it through the same height in thi 
ratio 6 + 4/A — irfi : 4. 
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5. The two ends of a homogeneous rod are moveable on 
the arc of a fixed smooth conic, having its axis vertical and 
vertex downwards ; if the length of the rod be greater than 
the latus-rectum, and if it be placed in a horizontal position 
and slightly displaced, find the greatest kinetic energy which 
it acquires. 

6. A small heavy ring, moveable on a smooth circular 
wire fixed in a vertical plane, is attached by an elastic string 
without weight to a point at a distance below the lowest 
point of the circle equsd to its radius, and when the ring is at 
the lowest point of the circle the string is unstretched. If 
the ring be drawn along the wire till the string becomes a 
tangent to the circle and then let go, determine the velocity 
with which it will reach the lowest point of the circle. 

7. A particle is placed in an uniform straight tube, 
which is moveable in a horizontal plane about an axis 
through one end, and the mass of which is equal to that of 
the particle. The tube being set in motion, shew that the 
angle, which the direction of motion of the particle makes 

IT 

with the axis of the tube on leaving it, lies between ^ and 



tan""'|. 

8. A cylinder whose surface is smooth, stands on a 
smooth horizontal plane on one of its circular ends ; find the 
impulse at a given point of its surface which will cause it to 
fall over. 

9. The nut of a screw rests on a smooth horizontal 
plane, over a hole cut so as to allow a free passage for the 
screw, and the screw descends through the nut by its own 
weight; determine the motion, 1st, when the nut is fixed, 
2nd, when it is moveable. 

10. Two equal particles, connected by a stiff wire with- 
out weight, are placed in a vertical circular tube, one being 
at the highest point, shew that, when the other reaches the 
lowest point, the velocity of each is the same as if they had 
been unconnected from the beginning of the motion. 
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11. A ring slides on a smooth wire bent into the form 
of a plane vertical curve and is attached by an elastic 
string to a fixed point in the plane of the curve; if it 
start initially from a position in which the string is just 
not stretched, prove that it will descend through a vertical 
space which is a third proportional to the natural length 
of the string and its extension at the lowest position, sup- 
posing that the modulus of elasticity is twice the weight of 
the ring, and the string is stretched throughout the motion, 

12. Two equal weights W are connected by a string of 
length 21, whose weight per unit of length is w, which passes 
over a small pully. The system is put in motion by adding 
a weight W at one end* Shew that when either weight has 
moved through a distance x, the kinetic energy will be greater 
than if the string were weightless by J (? — aif w. 

18. The extremities of a uniform heavy rod of length 
4a slide on the circumference of a three-cusped hypocycloid 
whose plane is vertical, one of the cusps being at the 
highest point of the circumscribing circle whose radins is 3a ; 
prove that the length of the isochronous simple pendulum 
is 4a/3. 

14. Four equal particles connected by inelastic strings, 
forming the sides of a square, mutually repel each other with 
a force /x (distance) ; if one string be cut, then {ff) the angle 
either string makes with its original position is given by 

6*'.(2-sin»^) = 4/xsin^(2 + sin^). 

15. A number of uniformly distributed particles move 
with the same velocity v in the same direction. In this 
medium is placed a body of any form and such that all the 
particles impinging on it adhere. Shew that, if M denote 
the mass of the body at any time, and u its velocity, 
M{v—u) will be constant. What information can be drawn 
from this fact as to the ultimate state of motion, and the 
time when this is arrived at ? 

16. Two equal shells are connected by a thin tube, the 
whole system having no mass, and they contain matter which 
is transferred uniformly from one to the other in time t 
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When the masses in each are equal the system has an 
angular velocity a> communicated to it. Shew that the 
curve traced out by the middle point of the tube is given by 
the polar equation r = a tanh 2a/{»^, where 2a is the distance 
between the centres of the shells. 

17. A particle of given weight is fastened to a string 
which passes over a smooth circular arc in a vertical plane : 
the particle initially at the extremity of a horizontal diameter 
is drawn up to the vertex with constant acceleration g ; prove 
that the work done in drawing it up the last half is to the 
work done in drawing it up the first half as 

4V2 + 7r-4 : ^+TrJ% 

18. Two equal particles are revolving in the same direc- 
tion in the same ellipse, under the action of a force tending 
to a focus; shew that, if they become rigidly connected when 
they are at the extremities of a focal chord, they will after- 
wards move about their centre of gravity with an angular 
velocity which varies inversely as the length of the chord, 
and that, wherever this takes place, the initial velocity of the 
centre of gravity will be the same. 

19. A heavy elastic string, in form of a ring, is placed, 
with its plane horizontal, over a smooth cone, the axis of 
which is vertical ; find the position of equilibrium. Also, if 
the string be held in contact with the cone at its natural 
length, and let go, find how far it will descend. 

20. Three equal particles at rest, tied together by three 
equal strings of length a, so as to form an equilateral triangle, 
repel each other with a constant force f. If one string be 
cut, shew that the equation to determine the motion is 

a^ (3 - 2 sin'^) = 3/(2 sin 6 - 1), 
W being the angle between the strings. 

21. A uniform rod is placed with one extremity at the 
middle point of the line joining two equal centres of force 
attracting inversely as the square of the distance, and at 
right angles to that line ; find the velocity with which the 
centre of the rod will reach the line. 
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22. Two equal inelastic rods of given length, 
together hy a smooth hinge, are placed on a vertical 
with their other extremities at opposite sides of a ' 
given size in a smooth horizontal table. If motion be 
to take place, determine the condition that the rods may 
reach their position of unstable equilibrium. 

23. A cube is rotating with angular velocity « al 
diagonal, when one of its edges which does not meet 
diagonal becomes fixed ; shew that the angular velocity 
this axis will be 6)/4\/3. 

24. One end of a string (length a) is attached to 
smooth circular wire of radius a, whose plane is vertical, 
one extremity of its horizontal diameter, and the other 
to one extremity of an inelastic rod of length a, the 
extremity of which is made to slide along the wire by me 
of a small ring. If the rod and string are held initially ifi 
horizontal position, and then abandoned to the action 
gravity, the rod will first come to rest when its middle 

23/3 
is at a distance — ^tt- a below the horizontal diameter. 

25. ABGDE is a pentagon, formed of five equal unifog 
rods freely jointed together. The pentagon is placed wiA' 
plane vertical, and angular point A uppermost ; the angtej 
and E slide freely along a smooth horizontal rod. Inves 
a diflFerential equation of the second order for the dete^ 
tion of the inclination of BC or DE to the vertical. 

26. A ring rests upon two smooth horizontal bars w 

in the position of equilibrium subtend an angle 2a at 

centre ; shew that, if the ring be disturbed by twisting 

through a small angle about its vertical diameter, the i( 

. c 
of the simple isochronous pendulum will be ^ cot acosecd 

27. A fine circular tube, radius c, lies on a smooth hoB 
zontal plane, and contains two equal particles connected Ij 
an elastic string in the tube, the natural length of whicijj 
equal to half the circumference. The particles are in contKi 
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and fastened together, the string being stretched round the 
tube. 

If the particles become disunited, prove that the velocity 
of the tube when the string has regained its natural length is 



^ 



^ifKmc 



M(M-^^my 



where M, m are the masses of the tube and each particle, and 
X is the modulus of elasticity. 

28. If in the previous question one of the particles be 
fixed in the tube, and if the tube be moveable about the 
point at which the particle is fixed, prove that when the 
string has regained its natural length the angular velocity of 
the tube 



V 



ifKm 



ilf(2m + Jf)c' 

29. A solid hemisphere, mass M, is moveable on a 
smooth horizontal plane, on which its fliat surface rests, about 
its vertical radius which is fixed. A very fine tube, the in- 
side of which is smooth, is fixed on its surface, commencing 
at the vertex and cutting all the meridian lines at a constant 
angle a, and a particle mass m runs down this tube from the 
vertex ; prove that just before the particle arrives at the 
horizontal plane the angular velocity w of the tube is such 
that 

V? {mo? + M1^) (ma* cos'a + Mk^ = 2m*ga^ sin*a. 

If the tube be closed at the end on the plane, and the particle 
be inelastic, what is the subsequent motion of the system ? 

30. A particle moves on a smooth parabola (of latus 
.rectum 4a) and is acted on at every point by a repulsive 
force from the focus which varies as the focal chord through 
the point; shew that the kinetic energy of the particle 
varies as 

(r + 4a) {r - 2a) + 2a' log^^^^. 

a 
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31. A particle P slides in a circular groove (radinsi 
a horizontal plane, and is attached to a point A of the 
by an elastic string, natural length a. Shew that the pou 
energies of P at J5 in the two cases when the sti 
stretched directly from A to the particle, and when it lia] 
the groove, are in the ratio 1 : (tt — 1)'. 

32. A thin uniform circular ring is set rotating 
hot about its centre, and its radius diminishes in cooling^ 
fraction proportional to the time. K no forces act, 
that the angle through which the ring has revolved in tii 
is D,at/r, where a, fl are initial radius and velocity, r 
final radius. 

33. On the surface formed by the revolution of a 
bola about its directrix is placed a uniform elastic ring, 
the plane of the ring be perpendicular to the directrix, 

that the time of a small oscillation is 2 jMair/T, where If 
the mass of the ring, T the tension in the position of eqd 
brium, and 4a the latus rectum of the parabola. 

34. Two particles m, m slide in a smooth circular groo^ 
of radius a, whose plane is vertical, and are connected b][ 
weightless rod whose length subtends an angle a at 
centre of the circle; find an expression for the veloci^ 
either particle at any instant, under given initial condiik 
and shew that the length of the simple equivalent pendal' 
for finite oscillations is 

m-hm 1 X o ^' sin a 

a 5 7 ; 3" , where tan p = 



9w cos /8 -f w' cos (a — yS) ' m + mcosa 

35. A fine string is placed in a smooth cycloidal tiite 
same length with open ends. The tube is placed in a verticil 
plane with base of cycloid horizontal and vertex upwaii 
The string being slightly disturbed, investigate the motio 
completely, finding the velocity at any subsequent tin* 
Shew that when the string leaves the tube the velocity i 
that due to a fall from rest through eight-thirds of ^ 
diameter of the generating circle and that this takes {A* 

after a time Jalg cos"^ n/2/3 from commencement of motion. 
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36. A circular disc rolls down a rough curve in a vertical 
plane ; if the initial and final positions of the centre of the 
disc be given, prove that, when the time of motion is the 
least possible, the curve is an involute of a cycloid. 

37. AB is Sk vertical rod and a weight C of mass m ig 
suspended from -4 by a weightless rod of length Z, while a 
weight of mass M is connected to (7 by a second rod of length 
I, and can slide freely on AB, If the whole system be made 
to rotate about AB with uniform angular velocity <o, and 6 
be the angle which AG makes with the vertical when there 
is relative equilibrium, shew that 

cos^ = -^Jl + J, 

and that if the system be slightly disturbed the time of a 
small oscillation is 

2^ f m' (4Jtf + m) ft)V - 4itf (2if -f m)y ) * 
ft) 1 m^to^P - m (21/ + m)Y j * 

38. Two centres of force of equal strength, one attractive 
and the other repulsive, are placed at two points, 8 and IT, 
the law of force being that of the inverse square of the 
distance. Shew that a particle if placed anywhere on the 
plane bisecting 8H at right angles will oscillate in a semi- 
ellipse of which 8 and JET are the foci. 

39. On a smooth wire bent into the form of an ellipse, 
a small ring is placed, which is attached to the foci by two 
elastic strings of the same material, whose natural lengths 
are equal to the shortest focal distance. Prove that, if the 
ring be placed at a very small distance from an extremity of 
the major axis, the velocity at any point varies as the dis- 
tance from the major axis, and that the ratio of the pressures 
on the curve at the extremities of the axes is 6 (1 — e) : a. 

40. A particle is suspended so as to oscillate in a cycloid 
whose vertex is at the lowest point; if it begin to move from 
a point distant a from the lowest point measured along the 
curve, and the medium in which it moves gives a small 
resistance hv^ to the acceleration, prove that before it next 
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comes to rest energy has been dissipated which is Shaji 
origiDal value, 

41. A tube in the form of a plane curve 

rotates freely about the axis of y which is vertical 
measured upwards ; the mass of the tube is M and its 
of gyration k; a heavy particle of mass P is capable of sM 
in the tube, and the velocity of rotation is such that Pisj 
equilibrium with respect to the tube : shew that its 
librium will be stable or unstable according as P6* is 
or less than Mk\ 

42. A heavy circular disc rests on a rough ho 
plane at A, a light elastic string is fastened at A, and, 
partly in a small groove in the rim of the disc, is justli 
enough to reach a point B vertically above A where akoi 
fastened. If the disc be drawn aside in its own plane 
let go, find the velocity of its centre when passing 
its initial position. 

43. Three equal rods OA, OB, OC, of length a 
jointed freely at 0. The extremities A, B and C are 
nected by strings of length a and the system is placed upoa 
smooth table with A, B and C in contact with the 
The string AB is then cut; shew that, when the 
between uA and OB is 20, 

96 - 144 sin'g -f 64 sin*g -h 13 tan'g + 9 tan*g fdOV 

3-4sin"d \cU) 



^144^/ /2 V4 ~ sin''^ 



44. Four equal uniform rods, jointed freely so as to foni 
a rhombus, are laid upon a smooth horizontal plane; tk 
system is acted on by a repulsive force, tending fromtkj 
centre of the rhombus, and vaiying inversely as the square « 
the distance: prove that, if 2a be the initial value oftf 
acute angle of the rhombus, 26 the angle between the 
containing this angle at the time t, 

idt) """"^^ ^ ^''^ ^^"^ 2 ^"^ [l ~ 2) '=''* i ''•'* (J - 1 
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45. A perfectly rough rod is gently placed with one end 
upon another rod of equal mass and in the same vertical 

plane, moving with the velocity J^gc on a smooth table. If 
the initial inclination of the first rod to the horizon be a, and 
its length 2a, shew that it will just rise to a vertical position 
if 

2a (1 — sin a) (5 + 3 cos*a) = 3c sin^o. 

46. Six equal uniform rods are jointed together, so as to 
form a hexagon ; every particle of each of two opposite rods 
repels every particle of the other rod with a force varying 
inversely as the square of the distance ; prove that, if the 
rods be arranged in the form of a regular hexagon, and left 
to themselves, then if 6 be the angle between either of the 
repelling rods, and one of the adjacent rods, after a time t^ 

(2 + 3 cos'^) &" varies as (1 + 4 sin*^)* - 2 sin ^ - 2 

^ • ^ . (1 + 4 sin'g)^ + 1 

+ VS -log ^ — o ,Q . ^ . 

° 2V3 sm d 

47. An endless string passes round the rim of an elliptic 
disc and a smooth peg m a horizontal plane in which the 
disc is revolving with uniform angular velocity o) about the 
peg, the major axis produced always passing through the 
peg. The distance between the foci is 2c, that between the 
centre and the peg is a, and the radius of gyration round a 
vertical axis through the centre is k. Shew that when a 
slight disturbance is given, small oscillations take place, 
whose periods are 27r/n, where 

«'yt»(a"-c') = cV(a» + A'). 

Tripos, June, 1882. 
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CHAPTER XIII. 



EQUATIONS OF MOTION. 



202. We have endeavoured in the preceding chapteri 
illustrate the application of the principles of the consemii* 
of momenta, and of the conservation of energy, leadiiif ^ 
once to differential equations of the first order for fc 
determination of the motions of bodies. 

We now proceed to consider the more general cases b 
which, by the action of external forces, momenta, or eneigj 
or both, are imparted to, or taken from, a system, and alsott 
explain the method of determining the actions and reactifl"* 
between the bodies of a system. 

It has been shewn in Chapter IV., as a result of Newtoflj 
Laws of Motion, that the aggregate of the time-fluxes « 
momenta of the bodies of a system is the exact equivalent » 
the aggregate of the acting forces. 

The phrase * effective forces ' is usually applied to wW 
we have called the time-fluxes of momenta, and, in tte 
language, the system of effective forces is the exact ecpi^ 
lent of the system of acting forces. 

If impulses be applied to a system, the aggregate of t» 
changes of momenta of the particles of the system is tw 
exact equivalent of the applied impulses. 
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203. Eecapitulating from Chapter iv., we observe that, 
for the determination of the motion of a body or of a system, 
we have, as a result of the laws of motion, the following 
principles : 

(1) The time-flux of the linear momentum of a system, 
in any assigned direction, is equal to the sum of the forces 
acting in that direction. 

(2) The time-flux of the angular momentum of a 
system, about any assismed axis, is equal to the sum of the 
moments, about that ^is, of th^ acting forces. 

(3) The change, in any assigned direction, of the mo- 
mentum of a system is equal to the sum of the applied 
impulses. 

(4) The change of the angular momentum of a system, 
about any assigned axis, is equal to the sum of the moments, 
about that axis, of the applied impulses. 

204. The linear momenta, parallel to the coordinate 
axes, of a system are. 

S (nut), 2 (my), S {mz), 
and the angular momenta, about these axes, are 

2m {yz — zy), 2w (zx — xz), 2m (xy — yx). 

Hence it follows that the mathematical forms of the 
statements (1) and (2) are as follows, 

(1) 2(mdi) = Z, 2(m2/)=r, 2(mi-) = ^, 

(2) 2m(y^ — zy) = L, Sm{zx — xz) ^M, Xm{xy — yx)=:N, 

Or these equations can be obtained, as in Art. 53, from 
the principle, Art. 46, that the system of the time-fluxes of 
momenta of the several particles of a system is the exact 
equivalent of the system of acting forces, and therefore that 
the sums of the components of the one system and their 
moments about the axes are the same as those of the other 
system. 

17—2 
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In the case in which impalses are applied to a 
the mathematical fonns of the statements (3) and (4) aie 

(3) 2m(w'-w) = P, 2m (v' - v) = ft tm(w'-w)^ 

(4) 2«i {y {w '-wy—ziv' — v)] = O, 
%m [z (w' — t*) — a? (w* — w)} = JT, 
Xm[x{v' —v) — y(tt' — m)}=-K', 

where P, Q, jB, are the sums of the applied impulses! 
directions of the axes, and G, H, K the moments about ' 
axes of those impulses. 

205. Independence of the motions of the centre ofgratil 
and of the system relative to the centre of gravity. 

If f » V> ? he the coordinates of O, the centre of gia^tji 
the equations (1) become 

^"2(m) = Z. ij2(m)=F, ?2(m) = Z, 

shewing that the motion of G is the same as if the 
mass were concentrated into a particle at that point, witk 
all the extraneous forces acting upon it. 

Again, if we take x, y, z os the coordinates, relative to tk 
centre of gravity, of a particle m of the system, its accelera- 
tions are x + ^, y-^ij, 'z-\- f, and, if Z, M, If be the moments 
about the. axes through 0, of the acting forces, the equations 
(2) are replaced by 

tm {y (z+ 0-^(y + V)} = A &c., 

or, since S {my) = 0, and S {mz) = 0, 

Xm {yz — zij) = X, &c., 

shewing that the motion relative to the centre of gtmtj^ 
independent of the motion of the centre of gravity itself. 



206. In the case of impulses being applied to 
system, if the velocities of the centre of gravity change b^ 
a, h, c to a\ h\ c, the equations (3) become 

M{a'-a)^P, M(V--b) = Q, Jf(c'-c) = i2, 
M being the mass of the whole system. 
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Again, taking the instantaneous position of the centre of 
gravity as the origin, and taking u, v, w as the velocities of 
m relative to the centre of gravity, so that the actual 
velocities of m are t^ + a, v + ft, w + c, the first of the equations 
(4) becomes 

2m {y (w' + c' — w — c) — 2r (i;' + 6' — t? — h)] = G, 
or ^m {y {w — w) — « (t?' — v)] = O, 

These results shew that the changes of motion of the 
centre of gravity, and the changes of angular momentum 
about axes through the centre of gravity, due to impulsive 
actions, are independent of each other. 

207. To illustrate at once the use of these principles, 
consider the case of 

A man vjalking on a large rough sphere^ so as to make 
the sphere roll in a straight lin^ on a horizontal plane, the 
man keeping himself at a constant angular distance (a) from 
the highest point of the sphere* 

Take M,m as the masses of the sphere and the man, and 
let G) be the angular velocity of the sphere at any instant. 

The velocity of the man is cwo parallel to the plane, and 
the time-flux of his momentum is therefore W;aw. 

. For the sphere the time-fluxes of the linear momentum, 
and of the angular momentum about the centre of gravity 
are 

Madj and Jf |a*ft). 

Hence taking moments about the horizontal axis, perpen- 
dicular to the motion, through the point of contact, we 
obtain 

Ma^d) + Jf fa'w -f rhacbh = mga sin a, 

or (b (^Ma + 5mh) = 5mg sin a, 

where h is the constant height, above the plane, of the centre 
of gravity of the man. 

We may also solve this problem by finding the rate of 
change of the angular momentum, at any time, about the 
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axis fixed in space which passes through the point of cont 
at that time. 

To do this we observe that, at any time, the ai 
momentum of the system about the point of contact is 
to 

\Md^(o + maJuo, 

After the lapse of an interval Bt of time, the angok 
velocity is g> + Scd, and the linear velocity of the centre of tli 
sphere and of the man is a (q> + Sa>), 

Observing that the distances from the assigned axisd 
the lines of acceleration of the centres are the same as at tfc 
time t, the angular momentum at the time ^ + £^ is 

Ma!" (g) + B<o) + f Jfa' (© + 8©) + Tna (« + Sco) h, 

and the rate of change is therefore 

^Ma% + mahd), 

which is equal to the moment mga sin a of the acting forces 

If the reactions and frictions be required, we observe tbt 
the time-fluxes of the linear momenta of the sphere and ik 
man are 

Mad) and madb, 

so that, if F be the friction between the sphere and pla^^r 
and R, F the reaction and friction between the man and tk 
sphere, 

Mem + mao) = F 

mad) = JJ sin a — -Fcos a 
= jB cos a 4- Fsm a — mg, 
and these equations determine F, F and J2. 

208. This system is not, from a purely mechanical poi^^ 
of view, a conservative system. 

The work done by friction upon the sphere is not eqxtJ 
and opposite to the work done by friction upon the man, ani 
the energy of motion at any time is due to the diflference 
between the amounts of work done upon the two bodies. 

Thus if the figure represent two consecutive positions, 
P being the point of contact, the horizontal distance 
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>' = ahdy and if FC'Q = S0, the point P of the sphere is 
ried. to Q. 




Hence, if PL, QNhe perpendiculars on the tangent at P, 
tie work done by friction upon the sphere is F. Piv, and the 
rork done upon the man is F. { — PL), The sum of these 
= F . LN = FaZdy and the work done upon the system 

= [Fade, 



I 



But, the acceleration of the man in the direction of the 
langent at P being a© cos a, it follows that 

ma(b cos a = mg sin a — P, 

ind therefore the work done 



= \(mga sin a — md?^ cos a) d0. 



This is transformed into energy of motion, or kinetic 
energy, the measure of which is 

J if . ^ aV + i waV. 

Equating these two expressions, we find that 
JaW (^Jf + wi + wcosa) = m5rasina. 6, 

and, taking the time-fluxes of each side of this equation, we 
obtain the same equation for 6a as before. 

The fact that kinetic energy is produced and increased is 
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a proof that potential energy is being lost somewhere, 
explanation is that the man's power of exerting hims^i 
diminishing ; he is getting tired, or, in other words, the 
is a machine which has acquired potential energy by 
wound up, and is running down. 

209. A heavy chain passes over a rough pulley, 
about a horizontal axis through its centre, and tiie 
hanging down, which are of different lengths, are coiled up 
held close to the ends of ttie horizontal diameter ; ifhoA 
he let go at the same instant what is the subsequent Tnotiont 

The coils will fall freely, each leaving behind a straightei 
portion, and, at the time tf each will have fallen through 
space ^gf. 

Take a for the radius of the pulley, b and c for the length 
of the portions coiled up, 6 being greater than c. Thenu' 
be the turn of the pulley in the time t, the lengths b\cd 
the pieces in the coils at that time will be 

h-{lgf-ad) and c - (i^r^ + o^). 

The velocity of each point of the straight pieces and i 

the portion in contact with the puUey will be aO, and 
velocity of each coil will be gt. 

Let MJ^ be the moment of inertia of the pulley, m 
mass of the whole chain, and I its length, so that 

Z = 6 + c + ira. 

Then the angular momentum of the system will be 

Mm + j{gf + Tra) a'0 + '^ gta -- '^ gta, 

or ifJfc»d+y(^e» + 7ra)a»d + ^(6-c + 2a^). 

• Taking the time-flux of this expression and equating i 
to the moment of the acting forces which is 

mV mc' 
mga 



or 'Jl^Q,^o + ^adl 



. 



SUDINQ ROD. 



265 



we obtain the equation 

from which, by integration and the introduction of initial 
conditions, can be determined. 

210. Motion of a heavy rod sliding between a smooth 
vertical plane and a smoolh horizontal plane m a vertical 
plane perpendicular to both. 

The angular velocity in any position is at once deter- 
mined by the principle of energy, but the question is intro- 
duced for the sake of further illustrating the meaning of the 
phrase angular momentum. 




If AB be the rod, and E the instantaneous centre of the 
motion, the velocity of 6r is cuo, and the angular momentum 
about JE is ma^to + mi^to, or ^ ma^o). 

After a time Sty the rod having turned through an angle 
SO, the perpendicular distance from E of the line of motion 
of G' is 2a cos S0 — a, which to the first order of infinitesimals 
is equal to a. 

Hence the new angular momentum about E is 

ma' (oo + Sao) + mJ^ (cd + Say), 

and therefore the rate of change of the angular momentum 
about E is |ma'6> which is equal to mga sin d; 

.'. = 7^ sin 0, and ^" = o^ (cos a - cos 0), 
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This is one view of the case, and another is to observe 
that acr)" and aa> are the accelerations of G in the direction 
GO and perpendicular to it, so that the time-fluxes of 
momenta are ma^, m(m^ and mi'©, and the moments of 
these about E are equal to 'mga sin ft 

The reactions i2, B! in the directions AE^ BE are given 
by the equations, 

M' = -j2 (moB cos 0) = ma {6 cos ^ — ^ sin 6), 

cL * ** » • 

B — mg = -r. (— ma^ sin 0) = — ma (0 am + 6^ cos ^). 

It will be seen from these equations that R vanishes and 
changes sign when 

3 cos ^ = 2 cos a, 

shewing that the rod will then leave the vertical plane. 

If it should be required to take moments about O, it will 
be seen that the angular momentum is ma^G) — mk*a> and 
therefore that the equation of motion is 

|ma*a) = mga sin + B'2a cos — B2a sin 0, 

but then the preceding equations must be employed for the 
elimination of B and B\ 

211. Motion of a rigid body about a fixed aods. 

If 6> be the angular velocity of the body at any instant, 
its angular momentum is if (A;* + A*) cd, h being the distance, 
00, of the centre of gravity from the axis and Mk* the 
moment of inertia about the line through parallel to the 
axis. 

Hence if JV* be the moment of the acting forces, 

or, if be the inclination of the plane through G ajad the 
axis to a fixed plane through the axis, 

M{k^ + h')0=-N. 
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If r be th6 distance of a particle m from the axis, its 
accelerations in the directions of r and perpendicular to it 
are respectively — ©V and rci. 

Taking the fixed axis as the axis of z and 00 as the axis 
of a?, the components of these parallel to x and y are 

— (o^x — toy and — ©'y + a)X. 

Hence the time-fluxes of the momenta and their moments 
about the axes are respectively 

2m (— a)*fl? — wy), 2m (— (o^y + wa?), o, 
and 2m (o)*y^ — wxz), 2m (— to^xz — a)y«), 2{ma) (a;' + y^}, 
or, ^Mto^hy Moyh, o, 

and JDa}*-Ed}, - ^co' - 2)w, Jlf (ifc' + A') ©, 

where D sjid E represent the quantities, tmyz, and "Zmzx. 

The first three of these expressions are equal to the sums 
of the acting forces and of the reactionary stresses of the axis, 
and the next three are equal to the sums of the moments ' 
about the axes, of the same quantities*. 

Suppose that the body is connected with the axis at two 
points at distances c and c' from 0, and that U, F, W, and 
U\ V, W are the stresses upon the axis at these points. 

Then, if X, F, Z, L, M, N" be the sums and moments of 
the acting forces, we shall have the equations 

M(bh = F- F- F', 
o = Z-TF-lF', 
2>a,«-^ = i-Fc-FV, 
-^6)' - 2)0) = M+ Uc+ U'c\ 

212. Impulses applied to a body in motion about a fixed 
axis, 

* It will be seen in the next chapter that these expressions can be 
also obtained by first writing the expressions for the angular momenta and 
then employing the general expressions given in that dbapter for the rates 
of change of the angular momenta. 
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If ©' — 6) be the change of angular velocity due to tfa 
application of impulses, and K the moment of the impulaei 
the change of angular momentum is given by the .equati(Hi 

Jf(ifc»+A»)(ai'-fi))=^. 

Taking the axes as in the last article, and observing thai 
m (o)' — o) r is the change of momentum of the particle m ii 
the direction perpendicular to r, of which the componentB 
are — 7w(a)' — a))y, and m{o)~-(o)x^ we find that the suim 
and moments of the changes of momenta are respectively 

0, M (ft)' — o)) A, 0, 
and -^((o'-o)), -2>(a)'-a)), M {F + V) {<o' -^ €o). 

Equating these expressions to the sums and moments of 
the applied impulses, and of the reactionary stresses, we can 
calculate the latter quantities. 

The right-hand members of the equations in the preceding 
article will be the expressions for the sums and monients,^ 
the symbols employed be supposed to represent the applied 
impulses and the impulsive stresses on the axis at two 
points. 

213. We have defined, in Art. 181, the centre of oscilla- 
tion of a compound pendulum. 

We can shew that the centres of oscillation and suspensios 
E and are convertible. 

For OE.OG-=OGP-hK 

whence OG,EO^ k\ 

shewing that and E are convertible. 

214. Centre of percussion. 

If a single impulse can be applied to a rigid body which 
is capable of motion about a fixed axis, so as to produce no 
impulsive stress on the axis, the line of the impulse is called 
the line of percussion, and the point in which it meets the 
plane through G perpendicular to the axis is called the 
centre of percussion. 
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If o) be the angular velocity produced the sums and 
moments of the changes of momenta will be 

0, Mtoh, 0, — Ea>, — Day, M {1(^ i- h^)(o ; 

00 being the axis of x, and Oz the fixed axis as in Art. 211. 

The single impulse P must therefore be in the direction 
of the axis of y, and, if f, f be the coordinates of the point 
in which its line of action meets the plane xy, we must have 

Hence it follows, as a necessary condition for the existence 
of a centre of percussion, that ID, or 2 {myz), must vahish, 
and that, if there is a centre of percussion, its distance from 
the axis is the same as that of the centre of oscillation. 

When E, or S (mzx), vanishes, the centres of oscillation 
and percussion are coincident. 

215. Motion of two heavy rods ABy BC jointed at B, and 
swinging in a vertical plane about the end A which is jointed 
to a fixed horizontal axis. 

If 6 and ^ be the inclinations of AB and BG to the 
vertical, the angular momentum of the system about A, 2a 
and 26 being the lengths of the rods, is 

m -^0 + m ^^ + mbip [b + 2a cos (^ — 0)} 

+ m'2a0 {2a + h cos (^ - 5)}, 

and the time-flux of this expression 

= — mga sin — m'g (2a sin 5 + J sin ^), 
Next, the accelerations of O being compounded of h<j> and 

• . • • • 

J<^* perpendicular and parallel to OB, and of 2a0 and 2a^ 
perpencficular and parallel to BA, we obtain by taking 
moments about B for the rod BG, and dividing by m 

^'^ + 3 ^ + 2a^ i cos (^ - 0) 

m 

4- 2a0^b sin (<^ — ^) = — grS sin 0, 
or ibif> + 2a [S cos {<f>-0) + 0^ sin (^ - ^)} = -5^ sin 0. 



1 
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Or for a second equation we might have expressed the 
constancy of the energy which is 

Irna^d' + ^m'iy + y [V4? + 4a»(?" + iai^d cos {^-6)} 

— mga cos — m'g (2a cos 5 + 6 cos ^y 

In either case we obtain two equations for the determina- 
tion of 6 and 0. 

The horizontal and vertical components of the momentum 
of the system are respectively 

• • • 

Triad cos 6 + mh<f> cos ^ + m"iad cos 5, 

• * « 

and TTUid sin 5 -f rn!b(f> sin ^ + m'2a5 sin 6. 

The time-flux of the first of these is the horizontal com- 
ponent of the stress at A, and the time-flux of the second 
increased by the weight of the rods is the vertical com- 
ponent. 

In the same manner the stress at B is determined by 
writing down the horizontal and vertical components of the 
momentum of the rod BG, 

216. Motion of a heavy sphere, the centre of gravity of 
which is eccentric, on a smooth horizontal plane. 

If the sphere have no initial kinetic energy, the centre of 
gravity G moves in a vertical line OO, and if OQ = y, the 
equation of moments about G or about any point in the 
vertical line GP through the point of contact P is, with the 
notation of Art. 189, 

myc sin 6 + mkd = — mgc sin 6, 
where y = a — c cos 5. 

Substituting, multiplying by 26 and integrating we obtain 
e^{¥-\-c^ sin'5) =-G+2gc cos 0, 
which is the equation of energy. 

The reaction, J?, at P is given by the equation 

B — mg = my. 



MOTION OF LAMINA, 271 

If the plane be rough so that the sphere rolls, the equation 
of moments about P is 

ml^d + TTixy + myc sin d = — mg . c sin 0, 

where a? = a^ — c sin d, and y = a — c cos ^, 

makyag the substitutions and integrating we obtain the result 
of Art. 189. 

The horizontal and vertical reactions at P are given by 
the equations 7nx ^ — F, my = i2 — mg. 

217. Motion of a plane lamina, of any given shape, on a 
smooth plane, when a given point of the lamina is made to 
Tnove in a given manner, and the lamina is besides a^ed upon 
by known forces. 

If A be the given point, and the centre of inertia of the 
lamina, take 6 as the inclination of -4 G to a fixed line in the 

plane, so that is the angular velocity of the lamina. 

If / and /' be the accelerations of the point A in the 
direction AO and perpendicular to it, which are known 
functions of the position of A, or of the time, the accelera- 
tions of O in the same directions are/— a^, and/' +a^, 
and the time-flux of the angular momentum about O is 

Mm. 

Hence, if iV be the moment about A of the acting forces, 

M{f + a0) a + Mm=N, 
the equation which determines the angular motion of A G. 

If P, Q be the requisite constraining stresses at A, and 
X, Y the resultant forces, in the direction AG and perpen- 
dicular to it, 

M{f''ad')=^X + P, and Jf (/' + a^) = r+ e. 

I 218. Motion of a plane lamina, bounded by a curve, 
I rolling on a fixed curve under the action of given forces. 

\ We have first to solve the kinematical question of the 
time-flux of the angular momentum about the point of 
contact. 
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The angular momentum being the sum of the angaU 
momenta due to the rotation and the motion of the centre a 
gravity, the first part ia Mi?<o. 




For the second, taking od as the angular velocity when the 
point P of the rolling curve is in contact with the point A d 
the fixed curve, and Q as the consecutive point of contact, the 
angular momentum at -4 = J/r'co, if 

In the consecutive position, when the motion of ff is 
perpendicular to Q0\ the angular momentum about A 

= M(r -f Br) (eo + Seo) r, 

remembering that AP is an infinitesimal of the second 
order, and the difference 

= Mr (rBo) + ©Sr). 

Hence the time-flux of the angular momentum due to 
the motion of 

= ifr'o) + Mcorr, 



F 
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and consequently the equation of motion is 

M{lc^-hr^)<o + Mwrr = Z, 
L being the moment about P of the acting forces. 

If p, p be the radii of curvature at P of the rolling curve 
and the fixed curve, and if the arc AQ^^hs, 

(oSt = — h — , 
P P 

and, if ^ be the angle between the line AG and the normal 
at A, 

(arr = — ©r sin ^5 = — coV sin ^^ , : 

/> + /) 

so that the equation of motion takes the form 

if(Jfc« + r»)fi)-Jlf(»Vsin^-^ = X. 
If the fixed curve be a straight line 

P 
and the equation is then 

Jlf(A?'* + r')©-Jlf©>sin<9 = Z. 

219. The result of the preceding article may be other- 
wise obtained. 

In Art. 25, it is shewn that the acceleration of the point 
P, when at Ay in direction of the normal at A is 

The acceleration of G relative to -4, in the direction 
perpendicular to -4 G^ is roj, and therefore the actual accelera- 
tion of G perpendicular to -4 fl^ is 

rci — «*/)/>' sin ^/(p + p'). 

Hence, equating momenta about Ay 

Mk^cD + Mr [ro) — to^pp' sin ^/(p + p')} = L, 
B. D. 18 
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220. The investigation of the two preceding artidesi 
the infinitesimal case of the following general statement. 




If Q be the linear momentum of a body, in motion in ob 
plane, when P is the instantaneous centre, and Q at i 
subsequent time when P' is the instantaneous centre, o 
being the centre of inertia, the change of the anguh 
momentum about P is 

ifA'(cD'-6)) + Q'(r' + PP'cos^)-Qr. 

221. As a particular case consider the motion ofak(«l 
uniform circular disc of radius c rolling on the cuft 
s = cf((t>), starting from the highest point, from which s amii 
are m^easured. 



In this case, ^ = 0, 



and 






c/W^={l+/-^)^, 



and the equation of motion becomes 

^ f- {[1 +fm 4> +/" (<P) <f>'} = ^90 sin <(,. 
Suppose the curve to be a cycloid, 5 = c sin ^ ; 

then cos ^ <^ — sin ^ ^^ 



s.f-t 
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the integral of which is 

and therefore ©' = -^ ( 1 — cos* ^ ) . 

To find the pressure we have the equation, 

M = Mg cos <b — Rf 

shewing that B vanishes, and therefore that the disc flies off, 
when 5 cos ^ = 3. 

At the instant of flying off. a>' = 24y/25c, and the velocity 
of the centre of the disc is 2jQgc/5. 

222. Change of motion produced in a lamina^ moving in 
any manner in its plane^ produced hy its impact on a rough 
curve. 

We suppose the roughness to be so great that there is no 
sliding, and we have simply to express the fact that the 
angular momentum round the point of contact is unchanged. 

P being the point, let v be the component perpendicular 
to OP of the velocity of G, od and eo' the angular velocities 
just before and after the impact ; then 

M{k^ + r") 0)' = Mi^co + Mvr. 

Suppose for example that the disc of the preceding 
article, just after flying off the cycloidal arc impinges on a 
fixed rough peg just beneath its lowest point. 

In this case 

oC / C , o , 

-^ a> = ^ 0) + c G) cos f, 

from which we obtain 15®' = llo). 

The disc will then turn round the peg as a fixed point, 
and the equations of motion will determine the angle 
through which it turns before leaving the peg. 

18—2 
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223. In general if a rigid body, or system of any kind, 
be in motion, and if a straight line of the system suddenly 
become fixed, the angular momentum of the system about 
the axis is unchanged. 

In the case of a single rigid body this at once determines 
the angular velocity about the axis. 

Thus, if Q be the linear momentum of a rigid body 
perpendicular to the axis which becomes fixed, p the distance 
from the axis of its centre of inertia G, and H the angular 
momentum about the line through G parallel to the axis, 
the angular velocity is given by the equation 

Mk^ beinff the moment of inertia about the axis which 
becomes fixed. 

224. Tendency of a rod in motion to break at any assigned 
point, * 

Imagine a rod of small section and of any shape, its axis 
however being a plane curve, to be in motion in that plane 
under the action of forces in the plane. 

Taking any cross section, through any point P of the axis, 
the stress at this section, that is, the action and reaction 
between the two parts of the rod separated by the cross 
section, may be represented by two forces T and JV at P in 
directions of the tangent and normal to the axis, and a couple 
G in the plane of the axis. 

The velocities and accelerations of the various points of 
the axis having been previously determined, the quantities 
T, N, and G can be found by writing down the equations of 
motion of either of the two parts of the rod, including T, N'^ 
and.(? amongst the acting forces. 

Now a rod may break in three ways ; the internal 
molecular forces may not be suflScient to withstand the force 
T in direction of the tangent, or they may give way. in 
direction of the normal, or the moment about P of the mole- 
cular forces may be overpowered by the couple O. 
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In other words the rod may break by tearing, by shearing, 
or by snapping, and the quantities T, Ny and are, respec- 
tively, the measures of the tendencies to break in these three 
ways. 

To illustrate, take the case of a heavy straight rod swing- 
ing in a vertical plane about one end, and examine the 
tendency to break at the middle point. 

Writing down the equations of motion of the lower half 
of the rod, and taking r as the distance from the axis of a 
point in the rod, we obtain 

r2a ^y* .. /•2a ^^ . 

I m — r^ = -AT— im^r sin ^, / m ^ rff* = T — ^mg cos 0, 



I. 



^ dr 
m^r (r — a) d= O — \mga sin 6, 



• • • 

where 6 and 6 are known functions of 0, and these equations 
determine the values of T, Ny and O at the middle point of 
the rod. 

225. If a rod have its state of motion suddenly changed 
by impulsive action, impulsive stresses are created at all 
points of the rod, and the method of determining them is the 
same as in the previous case. 

If for in8tance the free end of the swinging rod, supposed 
inelastic, be suddenly stopped by impinging against a fixed 
surface, and if jT, N, and G then represent impulses, the 
equations are 



r2a 
J a 



fit* 

m-=r rd^N— Py 
za 



I. 



a ^^ 



where P, the impulse at the free end, is given by the equation, 

2ma0 = 3P. 

226. Determination of initial stresses, and initial accelera- 
tionSy when some of the constraints of a system, previously in 
equilibrium, are removed. 



n 
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In such cases the equations of motion should be wA 
down for the configuration of the system at the ins^ 
release from constraint. 

These equations, in combination with the kinemali 
relations of the system, will be sufficient for the detenninafi 
of the required stresses. 

The equations are simplified by the fact that the lim 
and angular velocities are zero, so that radial and transrei 
accelerations take the forms r and rd, and normal accelerati 
are evanescent*. 

Examples. (1) Two rods AB, CD, of lengths 2a « 
26, are connected by equal strings AC, BD, of length c,adi 
system is supported, with the rods horizontal, by afixedh 
zontal axis through the middle point of AB ; if one string ^ 
be cut, it is required to find the initial tension of the other. 

Let G), dj, aad o)" be the initial angular acceleration^ 
the directions figured, of the two rods and the string. 







^ 




The vertical acceleration of (?,the centre of gravity off 

= b(o + C(o' cos a + aci), 
and its horizontal acceleration = god'* sin a. 
Hence the equations of motion are 

9 

m ^ 0) = Ta sin a, 



* Some illustrations of the method of finding initial stresses are gi^ 
an article in the Mathematical Messenger for 1866. 
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m' (6ft)' + CG)" COS a 4- Ofto) s= mg — jPsin a, 
mco)" sin a = jT cos a, 

7?i' ^ ft)' = r. 6 sin a, 

which determine the tension and the angular accelerations. 

(2) A heavy rod, of length 2a, is supported against a 
smooth fixed sphere by a horizontal string fastened to its upper 
end A, and also to the highest point of the sphere ; if the 
string he cut it is required to find the initial pressure on the 
sphere. 

If a be the angular distance of the vertex from P the 
point of contact, it will be found that PG = a sin^a. Observ- 
ing that the acceleration of P is wholly tangential, and taking 
ft) as the initial angular acceleration of the rod, it follows 
that (oPQ is the acceleration of O perpendicular to the rod, 
and therefore taking moments about P 



a" 



m^G> + mPG^to = mgPG cos a. 

We have also ma)P G = mg cos a — P, 

and we obtain P (1 + 3 sin* a) = mg cos a. 

227. Determination of the initial radii of curvature of 
the paths of assigned points of a system^ when the system is set 
in motion in any given manner, or, being in a state of equi- 
librium, has some of its constraints removed. 

If the velocity and direction of motion of an assigned 
point of the system be known, the expression for the normal 
acceleration, v'^/p, determines the curvature, 1/p, for the 
acceleration of the point in the direction of the normal to its 
path is obtainable from the equations of motion of the 
system. 

Examples. (1) Two particles, m and fi, are connected by 
a string passing over a smooth fi^ed horizontal rail, and, the 
portions of string, of lengths a and b, being vertical, the 
particles are projected horizontally, in opposite directions 
perpendicular to the rail. 
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The initial equations of motion are 

m (r^r&')^mg •- T, m {r0+2rd) = 0, 
fi(p^p^^^lig^T, fjL(p4> + 2p<i>) = 0. 

If u and V be the velocities of projection, then, initially, 

r = a, p^'b, r = 0, p=0, ad^u, b<f> = v, 
• • •• 

and therefore ^ = 0, ^ = 0, 



m 



(r-^)=.mg-T,^(p-^)=^.T, 



and these equations, with the equation r + p = 0, determine 
r, p, and T. 

The initial radii of curvature JB, R of the paths of m aod 
/i are giyen by the equations 

assuming the concavities to be upwards. 

If T is less than either mg, or fig, the concavity in that 
case will be downwards. 

(2) A rod AB is moveable in a vertical plane ahout rt« 
end A, and a string BC carries a heavy particle at C; ^ 
particle is held in a given position in the vertical plane through 
the rod, and is projected in the direction perpendicular to BC 
in the vertical plane. 

If and if) ^be the inclinations of AB and BG to the 
vertical at the moment of projection, the initial equations of 
motion are 

M^ + mi<l>{b + 2aco8 (<^ - 5)} - mt^* 2o sin (^ - 6) 

H- m2ae {2a + b cos (^ - ^} + m2a^ b sin (^ - 6) 
= Mga sin + mg (2a sin ^ + 6 sin <f>), 

• • • ■ • 

and b<l> + 2aa cos (<f> — 0) + 2a6* sin (^ — 5) = — ^r sin ^, 
where 2a and 6 are the lengths of AB and BG. 
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Initially, if w be the velocity of projection, 

^ = 0, and u = b<j>, 
and the preceding equations determine and <^. 

The acceleration of the particle in the direction CB is 

initially 6^' — 2a6 sin {(fy — 0), and this is equal to u^/p if /> be 
the initial radius of curvature of the path of C, 

228. If a system have initially no motion, and we wish 
to find the initial curvature of the path of any assigned 
point of the system, we must first find the initial direction 
of motion, and then, observing the small displacements which 
take place in a very short time, we can sometimes obtain the 
curvature by an immediate application of the Newtonian 
expression for the diameter of curvature, viz. (arc)' -r- perpen- 
dicular subtense. Sometimes however it is necessary to take 
the analytical expression, in Cartesian or polar co-ordinates, 
or in some other system, and to expand, in ascending powers 
of the time, the various terms contained in these expressions. 
An illustration of each case will be sufficient to explain the 
methods. 

(1) Two rods, AB, BG, freely jointed together at B, and 
moveable about the end A, are held in a horizontal position so 
as to form a straight line ABC, and are then let go; 
it is required to find the initial curvature of the path 
ofC. 

Let fjb, m be the masses and 2a, 26 the lengths o{ AB 
and BG, then, if a) and oj' be the initial angular accelerations 
of AB and BG, it can be shewn, by taking moments about A 
for the system and about B for the rod BG, and combining 
the equations, that 

G> __ b m-\-2fx 

w a fi ' 

Now supposing that, after a short time t, and <^ are 
the inclinations of AB and BG to the horizontal, it follows 
that the horizontal and vertical displacements of C are 

2a + 26 — 2a cos ^ — 26 cos 0, and 2a sin ^ + 26 sin ^, 

or, approximately, 

aff" + btf}"" and 2a0 + 26<^. 



L 
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The initial tangent to the path of (7 is vertical, 
consequently 

2p = Limitof— ^-j-^. 

The first approximations to and (f> are 

$ = ^(of, = i^a/f, 
and we hence obtain 

2a6 6 (m + 2//.)" + a/A* ' 

(2) A plane lamina, which is moveahle about a horisonti 
axis on its plane, is inclined to the horizontal at an angle % 
and a heavy particle m is placed upon it at a distance c frm 
the cm5 and below the a^xis ; it is required to determine ib 
initial curvature of the path of the particle. 

If be the inclination at any time, the equations d 
motion are 

Mlc^0 + mr (r0 + 2r0) = mgr cos 0, 
r'-r6* = gsm0. 

The expression for the radius of curvature is 

r'd' + 2f^0'-r0r-'r0y 

and we have to expand in powers of t, the various terms of 
this expression, which can be effected by Maclaurin's 
Theorem. 

Taking mP to represent Mk^ + mc*, we obtain, from the 
equations of motion, 

u _ g^ccos^a / 2c\ ^iv _ g^ sin a cos a /- __ 7c'\ 
To - j^i— [^-^ -f-J* ^' r \ ~Yj ' 
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• • • 

Now 0=djl;-\- .,., f = r,j^+..., 

ana ^-rd=(d>r-ro^r)f+.... 

and therefore 

„ _ ___(e+^^^)L_ 

Po ' ' 



c%^+2r:e,-l{e,r;-r/:) 



and,.making the requisite substitutions, we obtain p^ in terms 
of OLj I, and c. 

If a = 0, it will be found that 

Sc* 3mc' 



/>0 = 



c" - L' Mk' ' 



the negative sign shewing that the concavity of the initial 
path is outwards from the axis. 

229. Application of the principle of virtrml work. 

If at any instant the geometrical configuration of a 
system be contemplated, and if a geometrical displacement 
be imagined, the virtual work of the time-fluxes of momenta, 
or of the effective forces, and of the acting forces will be the 
same. 

We must however include in the phrase acting forces 
any internal forces such as the tensions of elastic strings, 
or sliding frictions, by means of which work is done on the 
system. 

Considering a single rigid body, i.e. a material system of 
invariable form, if F be the time-flux of the linear momentum 
in any direction, and ha the displacement of the centre of 
gravity in that direction ; and if K be the time-flux of the 
angular momentum about an assigned axis through the 
centre of gravity, and S0 the angular displacement about the 
axis, then the corresponding portions of the virtual work 
are Fha and KZ^. 

(1) Consider for example the case of the two rods in 
Art. 215. 
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Taking x and y as the horizontal and vertical co-ordinata 
of 0, we obtain 

m -^ 6h0 + m' ^ 08<^ + mxix + rnyZy = mgZy — Tyic^a sin 

Now a? = 2a sin 5 + 6 sin ^, and y = 2a cos ^ + 6 cos ^, 

from which hx and Sy are obtained in terms of hO and S^ 
and observing that hQ and S<^ are arbitrary quantities aod 
independent of each other, their coefficients must ead 
vanish, and we thus obtain the equations for the determina- 
tion of and ^. 

Example. (2) Motion of an extensible circular ring, 
placed horizontally over a smooth surface of revolution the axu 
of which is vertical. 

Let s represent the distance along a meridian arc from a 
fixed level to the ring, r its radius and z the depth of its 
plane. The accelerations of any point of the ring down the 
meridian arc and perpendicular to it are s and i"/p, and there- 
fore, if we imagine a displacement by slightly shifting the 
ring downwards on the surface the equation of virtual work 
is, m being the mass of the ring, 

msBs = mgBz — TB (27rr), 
dz ^ ^dr 

an equation which can also be obtained by considering the 
meridional motion of an element of the ring. 

Observing that T=\ {r — a) /a, and that r =/(4 
this equation determines the acceleration along any 
meridian. 

(3) Four equal rods, of length 2a, are jointed together in 
the form of a square OADB, and suspended from the joiid 
0, the square form being Tnaintained by a string OD; 
if the string be cut it is required to find the change of stress 
at 0. 

Take co as the expression for the initial angular accelera- 
tion of each rod ; then if G and H be the centres of gravity 
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of OA and AD, the initial vertical accelerations of G and H 

are CL(»>IJi and Saa)/J2 ; 

and the initial horizontal accelerations are each acD/j2, also 
the time-flux of the angular momentum of each rod is 

If we imagine D pulled through a small space, so as to 
displace each rod angularly through the small angle 0, the 

linear displacements of and H are, vertically, a0/j2, 

Sa0/J% and horizontally each is a0/j2 ; also the vertical dis- 

J^lacement of the centre of gravity K of the system is a0j2* 

Hence we obtain 

^ a^(o0 . ^ 9a*6)^ . 0^(00 ^ 0^030 . ^ /tt 
2m -g— + 2m — 1- 4m — ^ — h 4m — ^- = 4imga0yj2, 

from which lOaxo = %glJ2, and therefore the acceleration of 
K is 3^/5, shewing that the pressure on the point of support 
is instantaneously diminished by three-fifths of the weight of 
the system. 

If B be the horizontal stress at Z), it can be determined 
by giving the rod AD a small arbitrary twist, 0, about A, 
breaking the connection at D, 

The equation of virtual work will be 
a' ^^ Sm^oD a0 mam a0 <^0 . n n r- 



TnTT-fOi 



from which P = -^. " 

If Q and R be the actions at A upon OA in the directions 
DA and OA, these quantities may be found by giving DA a 
twist about D, and OA a twist about 0, breaking in each 
case the connection at A, 

The equations obtained are 

ma^(D ^ Smaci) a0 maoa a0 y^^ ^ a0 
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a*a) ^ maa ad mcuo aO ^^ ^ ad 

and from these we find that 

R^i^mgJ^ and Q = i^mgJ^. 

In solving this question our object has been to illu 
the use of the principle of work, but the same result may 
obtained from the initial equations of motion of the rods; 
which are 4^^^*^ ^gg^ 

ma*co ^ Pa 
-3- = ^« + 7I- 



EXAMPLES. 

1. A smooth sphere is at rest on a smooth horizontal 
plane, and an equal sphere is placed gently upon it, so as to be 
in contact very nearly at the highest point ; prove that tie 
centre of the upper sphere will describe a portion of the aic 
of an ellipse, and that when is the inclination to the 
vertical of the line of centres, 

ad' (1 + sin* 0) = 2g(l- cos 0). 

Shew that the spheres will part company when 

cos^ = V3-l. 

2. Two equal smooth spheres rest in contact on » 
smooth horizontal plane and another sphere is placed betif^^ 
them, so that motion ensues. Find the pressure between 
them at any time in terms of the inclination to the horizon 
of the lines joining their centres. 
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3. If two weights be suspended by a weightless string, 
which passes over a rough circular cylinder of given mass, 
the space described by either in any time is independent of 
the radius of the cylinder. 

4. Two equal smooth spheres are placed one upon the 
other and both in contact with a smooth vertical wall. 
If the lower one just leave the wall, prove that they will 
separate when the line joining their centres is inclined to the 
horizon at an angle cos"*(§), the motion being supposed to 
take place in a vertical plane. 

5. Fpur equal rods are jointed together so as to form a 
square ABGD, and the system is suspended from the point 
Ay the square form being maintained by a string connecting 
A and C, Find the tension of the string. 

If the string be cut, prove that during the subsequent 
motion, 

a^(l + 3sin» 6) = 3^ (cos ^"4-), 

2a being the length of each rod, and 6 the inclination to the 
vertical. 

6. Three equal smooth balls are kept in contact with 
each other on a smooth horizontal plane by a string passing 
round them, and a fourth equal ball rests upon the three ; if 
the string be cut, what is the initial change of pressure 
between the upper ball and each of the lower ones ? 

7. Four equal smooth inelastic circular discs, of radius 
a, are placed in one plane with their centres at the four 
comers of a square of which each side is 2a. They attract 
one another with a force varying as the distance. A blow 
being given to one of them in the line of one of the diagonals 
of the square, investigate the whole of the subsequent 
motion. 

8. A solid sphere resting on a smooth horizontal plane, 
is suddenly divided into two equal parts by a vertical plane 
through its centre. It is required to determine the initial 
horizontal pressure between the two parts and the initial 
vertical re-action of the plane. 



288 EXAMPLES. 

9. The middle point of a uniform rod is fixed mida 
between two centres of force, which attract with a m 
varying inversely as the square of the distance. Prove d 
the time of a small oscillation is 

where M is the mass of the rod, 2c its length, 2a the di 
between the centres of force, and fiSw/r^ the attraction odj 
element Bx of the rod at a distance r. 

10. A rod of given length is formed into the quj 
arc of a circle, and is made to rotate about an axis 
one end perpendicular to its plane. 

Supposing the arc to become suddenly fixed to its 
find the measure of the tendency to break off; and 
that, if the rod were formed into a semi-circular arc, 
tendencies to break off in the two cases would be comi 
by the ratio 47r — 8 : ^. 

11. A rough cylinder rests on a horizontal plane. Fn 
the least velocity of a second cylinder of given larger radii 
which will, after impinging upon it, pass over it. 

12. If a bullet of mass m be fired with velocity upfl 
pendicular to the face of a block of wood of mass M, plart 
on a smooth horizontal plane, and remains just imbedde^ 
prove that the angular velocity acquired by the block is 

mbu 

where a is the distance of the centre of gravity of the bloa 
from the face struck, and b is the distance of the point stroo 
from the foot of the perpendicular drawn from the centre i 
gravity of the block to the face. 

13. A uniform rod of length 2a is rotating, in a vertit 
plane, about its middle point, which is fixed, with an an[ 

velocity jQirgja, At the instant the rod is horizontal, 
ascending end is struck by a ball of equal mass, which 
dropped from a height 37ra ; and when it is next hdrizonl 
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the same extremity is struck by a second equal ball similarly 
dropped. The elasticity being perfect, determine the subse- 
quent motion of the rod and balls. 

14. A wire in the form of the portion of the curve 
r = a (1 + cos 0) cut off by the initial line rotates about the 
origin with angular velocity cd ; shew that the tendency to 

break at the point 2^ = 7r is measured by 12V2mG)V/5, 
where m is the mass of a unit of length of the wire. 

15. A rod rests horizontally upon two supports; if one 
support be suddenly withdrawn, find an equation to deter- 
mine where the initial strain on the rod is greatest. 

16. A rough cylinder of radius a loaded so that its 
centre of gravity is at a distance h from its axis is placed on 
a board of n times its mass, which can move on a smooth 
horizontal plane. Find the time of an oscillation when the 
system is slightly disturbed from its position of stable 
equilibrium, and prove that if Z be the length of the simple 
equivalent pendulum 

(7i + l)(ZA-4*) = w(a-A)l 

17. A circular disc is suspended from a fixed point by 
four equal strings symmetrically attached to its rim, and 
inclined at an angle a to the vertical. If two of the strings 
be cut, shew that the initial tension of each of the others is 
to the weight of the disc in the ratio 

cos a : 1+5 cos* a. 

18. A circular ring, mass M and radius a, lies on a 
smooth horizontal plane, and a fly, mass m, alighting upon it 
starts off and crawls round the ring, with a velocity v, which 
is uniform relative to the ring. Prove that the angular 

velocity of the ring = ^-||^. 

19. If the ring in the previous question be vertical and 
moveable about its centre of gravity, and if the fly start off 
and as before move uniformly relative to the ring, find its 

B. i>. 19 



290 flXAMPLES. 

aDgular velocity in any position, supposing the fly to 
from the lowest point. Also find the least ratio of 
masses in order that the fly may ever be at the highest 
of the ring. 

20. A flat square board A BCD, moveable about b 
centre on a smooth horizontal plane, has attached to i 
fine string AP (= AB) which carries a particle P ; P ij 
projected horizontally from B at right angles to AJS. If 
mass of the board is nine times that of the particle, find 
angular velocities of the string and board when J-P and 
are in the same straight line. 

21. A heavy circular disc is supported firom a poiiil 
whose height above it is equal to the radius by three eqd 
strings attached to the circumference at equal intervak 
One of the strings being cut, shew that the tension of tie 
others is immediately diminished in the ratio of 2 : 3. 

22. If one end of a rigid rod of length 6a be made to 
move in the circumference of a circle of radius a with tte 
uniform angular velocity o) round the centre ; shew that al 
the time t, the angle between the rod and the radius of the 
circle to that end is given by the equation 

, tat 

COt^ = €^, 

the rod being initially in a radius produced. 

23. Two rods AB, BG connected by a hinge at 5 are 
in motion on a smooth horizontal plane, the end A being 
fixed. If, initially, AB has no angular velocity, that of BC 
being o), shew that when BG has no angular velocity that of 
AB will be bco/2a and the angle between the rods will then 
be cos"^ {2 (26 - a) /3b], 2a and 26 being the lengths of the 
rods, which are supposed equal in mass. 

24. A sphere falling vertically impinges on a fixed 
inclined plane, the sphere having an angular velocity o) about 
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a horizontal axis parallel to the plane. If it be reflected 
vertically, shew that its angular velocity is 

(5e" - 9e) a)/(o - 9e), 

e being the modulus of elasticity. 

25. A smooth spherical shell of mass M rests on an 
inclined plane, being fastened to a point of the plane by a 
string ; a particle m rests inside the sphere ; prove that if 
the string be cut, the ratio of the initial pressure between 
the sphere and the particle to that between the sphere and 
the plane is 

m (1 — sina cos a) 
{M + m) cos a ' 

where a is the inclination of the plane to the horizon. 

26. The ends of a straight rod are moveable on two 
smooth fixed rods, intersecting each other at right angles ; if 
the rod be set in motion, prove that when is its inclination 
to either fixed rod, the measure of the tendency to break 
at any point is proportional to sin 20. 

27. Two equal rods J. J?, AG are jointed together and 
rest symmetrically over a smooth sphere; the junction of 
the rods at A being severed, what is the initial pressure of 
each rod on the sphere ? 

Suppose the sphere divided by a vertical plane through 
A, perpendicular to the plane of the rods, and imagine the 
left-hand hemisphere to be suddenly annihilated ; it is 
required to determine the initial action at A, 

28. P and Q are two points in a uniform rod equidistant 
from its centre. The rod can move freely about a hinge at P. 
The hinge is constrained to move up and down in a vertical 
line. If the motion be such that Q moves in a horizontal 
line, determine the velocity when the rod has any given 
inclination, the rod being supposed to start from rest in a 
horizontal position. 

19—2 
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In the case in which the whole length of the rod = J^, 
shew that the time of a complete oscillation 

= (27r)*(ri)-VPQ72^ 

In this case also find the equation to the hodograpk| 
the middle point of the rod. 

29. A number (w) of equal uniform rods, AA^, A^i 
A^A^, &c., are jointed together at their ends A^y A^,... 
the end A of the first rod is attached to a fixed point 
rods are held so as to form a straight line AA^.,,A^, the 
A^ being free, and the supports are simultaneously remoi 
Prove that if w he the weight of a rod, and a = 15\ 
initial action at A^ is equal to 

tt? ( — 4)*" sin** a cos** a — cos'*' a . sin** a 
"2 V(3) * sin-'* a + cos''* a ' 

30. AB, BC, CD are three equal uniform rods 
jointed together and moveable about the extremity i 
the rods fall from a horizontal position of rest : prove 
the radius of curvature of the initial path of the extremil 
J9 of the further rod is -^ a, where a is the length ol eat 
rod. Prove also that the initial stresses at (7, B and A aK 
in the ratio of 1, 4 and 15. 

31. An arc of a circle is placed in its position of eq«* 
librium in a vertical plane resting on a perfectly rougl 
horizontal plane and slightly disturbed in the former plaoe; 
shew that the square of the time of oscillation varies ai 
oat sin a, a being the radius of the circle, and 2 a the angle 
subtended at its centre by the arc. 

m 

32. A ball is projected from a point in a perfectly rougl 
horizontal plane, without any rotation ; if the coefficient of 
frictional elasticity be 2/5, prove that the horizontal velocity 

of the ball, after the n^ rebound, will be -=r + (— f)** -=-, whe:« 

u is the horizontal velocity of projection. 

33. Two equal rods, connected by a hinge, which allocs 
them to move in a vertical plane, rotate uniformly about a 
vertical axis through the hinge ; and a string, whose lengtl 



•}■ 
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is double that of either rod, is fastened to their Extremities, 
and supports a weight at its middle point. Determine the 
angular velocity when in the position of relative equilibrium 
the rods and the string form a square;, and supposing the 
weight slightly displaced in a vertical direction, find the 
time of a small oscillation. 

34. A smooth plane of mass M is freely moveable about 
a horizontal axis lying within it and passing through its 
centre of gravity, the radius of gyration of the plane about 
the axis being k. The plane being inclined at an angle a to 
the vertical, a sphere of mass m is placed gently upon it. If 
initially the centre of the sphere be in a vertical through 
the fitxis of the plane, and if A be its initial height above 
that axis, shew that the angle ^, which the initial direction 
of motion of the centre makes with the vertical, is given by 

{Mk^ + mh^) tan <^ = Mk^ tan a. 

35. A uniform beam of mass M and length 2a can turn 
round a fixed horizontal axis at one end ; to the other end of 
the beam a string of length { is attached, and at the end of 
the string is a particle of mass m. Determine the relation 
that must hold in order that, during a small oscillation of 
the system, the inclination of the string to the vertical may 
be twice that of the beam. 

36. If a given power P raise a given weight Q through 
a given space in the least possible time, on a wheel and axle, 
the masses of which are M and M' respectively, prove that 
the ratio of their radii must be 



9.^ /I 



■*'2P + i/' • • 



37. A uniform heavy beam of length 2c is supported in 
a horizontal position by means of two strings, without weight, 
each of length &, which are fastened to its ends, the other 
ends of the strings being fixed ; in equilibrium each of the 
strings makes an angle a with the horizon : find the time of 
a small oscillation when the system is slightly displaced in 
the vertical plane in which it is situated, the strings not 
being slackened. 
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38. A circular ring hangs in a vertical plane onl 
pegs. If one be removed, prove that, P^, P^ being] 
instantaneous pressures on the other peg, calculated oi 
supposition that the ring is (1) smooth, (2) rough, 

P,« : P/ :: 4 : 4+tan*a, 

where a is the angle which the line drawn from the cent 
the ring to the peg makes with the vertical. 

39. A heavy bar is suspended in a horizontal positioi 
two equal and parallel vertical strings attached to its enc* 
is then set swinging so that the strings move in ver 
planes perpendicular to the bar, if one string breaks 
the rod is in its lowest position, prove that the tension of 1 
other string is instantaneously diminished by one half| 
value. 

If the second string be cut when the bar is vertical, pJ 
that the subsequent rotation will be uniform and rouui 
horizontal axis fixed in direction ; but if the second st 
be cut at any other time, the vertical plane containing 
bar will rotate with an angular velocity varying as sec*^, 
will increase at a rate varying as Va + 6 sec" 0, where 
the inclination to the horizon and a, b are constant. 

40. A chain of mass m and length I hangs in equilibril 
over a smooth pulley, an insect of mass M alights geni* 
one end and begins crawling up with uniform relative veJ( 
V ] shew that the velocity with which the chain leaves 
pulley will be 



{ 



41. A man walks on a large rough ball so as to ms 
the ball roll straigljt up an inclined plane of inclination 
keeping himself at an angular distance /8 from the higk^ 
point of the ball ; prove that the acceleration of the man' 

- sin /8 — 2 sin a 
^ 7TlOcos«Ha + /3) ' 
taking the man and ball to have equal weights. 
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42. A light uniform la^mina in the form of a regular 
trapezoid is suspended by one of the parallel edges, and a 
weight mg is uniformly distributed over the opposite edge ; 
supposing the lamina to be elastic only in the direction of 
the breadth, find the position of equilibrium. 

Shew that the time of a small oscillation is 

/m/ (log g- lo g 6) 
^""V ~2\(a-6) ' 

when 2a and 2 J are the lengths of the parallel edges, I is the 
breadth of the lamina when unstretched, and \ the modulus 
of elasticity. 

43. The extremities of a uniform heavy rod of length 2c 
slide on a smooth wire in the form of the parabola a;*— 4ay=0, 
the axis of the parabola being vertical, and c > 2a. If the 
rod be slightly displaced from its position of stable equi- 
librium, prove that the time of a small oscillation is 

44. Four equal uniform rods are jointed together so as 
to form a square ABGD, and the system is suspended from 
the joint A, the square form being maintained by an elastic 
string joining A and G. 

Find the tension of the string, and, the modulus of 
elasticity being twice the weight of one of the rods, prove 
that, if G be slightly depressed, the length of the simple 
isochronous pendulum will be 5 AG/12, If, when there is 
equilibrium, the string be cut, prove that the initial pressure 
at C is equal to one-tenth of the weight of one of the rods, 
and that the initial acceleration of G is equal to Qg/o. 

45. A cylindrical mass of snow rolls down an inclined 
plane covered with snow of uniform depth e ; gathering up 
all the snow it rolls over, and always remaining circular. 
Prove that it will more with uniform acceleration g sin a/5 if 
initially when its radius is a it be started with velocity 

aj^irg sin a/5«, where a is the inclination of the plane to the 
horizon. 



296 EXAMPLES. 

46. Three particles A,B, C are connected by two st 
AB, AG and placed in a line on a smooth table, 
extreme particles B and C are then projected at right 
to the strings with velocities u, v. Prove that the 
curvatures of the paths of the extreme particles are 
tively 

(q-hm)— +q r (l> + m) r + p — 

(p + q-hm^u^ {p'^q + m)v^ ' 

m, p, q being the masses of the particles, and a, b the lengdi 
of the strings. 

47. Two particles of masses m^, m^ are tied to tli^ 
extremities of a string that passes through a bead of mass J6 
the whole is placed on a smooth table with wi^, m^ at 4e 
acute angles and M at the right angle of a right-angW 
triangle, if the particles at the ends be projected wi4 
velocities w , u^, perpendicular to the respective strings, tteB 
shew that tne initial radii of curvature of their paths are p^, ft 

where - » ^ = * * = 



1.2 1 

— + H1-+ — 
m. M m. 



48. A circular disc of mass M, radius a, and momenta 
inertia about the centre MK^, is spinning with angula 
velocity H and impinges normally with any velocity on i 
rough rod resting on a smooth plane. Shew that the anguls 
velocity immediately after impact becomes reduced to 

49. Two uniform rods AB, BG of masses m, m' freel] 
jointed at B lie upon a smooth horizontal table and ABi 
struck perpendicular to its length at a point between A sd 
B ; shew that the point B will begin to move in a direction 

making with BG an angle tan~* 

the angle between the rods. 



(4(m + m') ^1 ,. 

— p — ; — 7^ cot a^ ; a beinj 



4m + m' ) 
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50. A spherical shell of mass m, whose outer surface is 
rough and of radius a, has its inner surface smooth and of 
radius b ; a particle of mass m moves inside while the shell 
rolls on a rough table, shew that if the excursions of the 
particle be a on either side of the vertical, then 

[ibr(a* -f F) + ma' sin'l?] 6' 

= -^ [ikf (a* + A;*) + ma^ [cos - cos a]. 

61. A smooth massless rod HM of length Z + 2a turns 
freely about a hinge at one end H. A string of length I is 
fastened at the end AI and also at a point /S in a horizontal 

line with H and at a distance 2a J 2 from H. A smooth ring 
of mass m is slipped over the rod and string at ilf and moved 
up the rod until the string is tight and the rod horizontal ; 
it is then allowed to fall, find the velocity of the ring at any 
instant before it slips off the rod. Shew that the tension of 
the string when the ring has fallen through a vertical height 

^ mg Sa^ + 2y^ 

^ 2a a" + 2y^ ^ 

mg being the weight of the ring. 

52. A smooth thin spherical shell of mass M and radius 
a rests on a smooth inclined plane by means of an elastic 
string which is attached to the sphere and to a peg at the 
same distance from the plane as the centre of the sphere and 
a particle of mass m rests on the inner surface of the shell. 
In the position of equilibrium the string is. parallel to the 
plane, find the times of oscillation of the system when it is 
slightly displaced in a vertical plane and prove that the ara 
traversed by the particle and the distance traversed by the 
centre of the shell from their positions of equilibrium can 
always be equal if 

Mg + mg (1 + cos a) = Xa (1 + cos a)/c, 

where \ is the coeflficient of elasticity of the string, and c its 
natural length. 

53. A uniform circular disc moving in any way is placed 
gently upon a rough horizontal plane. Assuming that the 
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friction between any element of the disc and the plane 
as the relative velocity and is in a direction opposite tD 
iind the motion of the disc, and shew that if u and & be 
velocity of the centre and the angular velocity about it at 
instant, uw^ = tt^cD, where u^ and (o^ are the initial values of 
and Q). 

54. A number (n) of equal uniform rods Afi^B^, ^%(^^t 
are placed on a smooth horizontal plane so that the 
^j of the 2nd is in contact with the middle point C, 
the first, the end A^ in contact with C^.,, and the ai^ 
C^A^B^y C^A^B^,,. are each equal to 0, so that the % 
Afifi^C^. . . C^ is a portion of a regular polygon. At the. e 
A^ an impulse P is applied inwards in the direction 
an angle 7r/2 — 6 with A^G^. Prove that the impulse betw« 

the r^ and r + 1 1*, supposing them smooth and rigid, 

= P(/3-a'-a*yS0/(/3"~a»), 
where n and ^8 are the roots of the equation 

«'- (2 sec ^ + 3 cos ^) <2: + 1 = 0. 



. 



CHAPTER XIV. 



Motion in three Dimensions. 

230. We now proceed to consider the motion of a system 
referred to three rectangular axes, either fixed, or moving in 
a given manner. 

As in Art. (28) we employ 0^, 0^, and 0^ to represent the 
angular velocities of the system of axes. 

Taking cOj, w^, and 0)3 as the angular velocities, at any 
instant, of a rigid body about the axes, it follows as 
in Art. (28) that the angular accelerations are respectively 

^1 - ^A + ^A> 

^S - ^A + ®2^1- 

From the definition of the linear momenta ^nd the 
angular momenta of a system it follows that these 
quantities are vectors and are subject to the parallelo- 
grammic law. 

Let jOj, p^, pg represent the linear momenta of a system 
in the directions of the axes, and h^, \, h^ the angular 
momenta of the system about those axes. 

Then it follows, as in Art. 28, that, if we take OL, OM, 
and Olf to represent either the quantities jt>,, p^y p^ or the 
quantities A^, A^, Ag, the rates of change of these quantities 
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are, on the same scale, the velocities of the point of which ^ 
OM, ON are co-ordinates, and are therefore respectively 

p, -pA +pA \ and A. - \e, + \9, 

The equations of motion of the system are obtained 
equating these expressions to the components of the 
forces and of the acting couples. 

The equations of motion, in the forms thus obtained, 
first given by Mr R. B. Hayward, F.R.S., of St Jol 
College, Cambridge. 

They are contained in a paper published in 1856, i^ 
Part I., Vol. X., of the Cambridge Philosophical Tra\ 

231. If a?, y, z be the co-ordinates of a particle « 
the system, and if u, v, w be the component velociti^ 
the particle, 

jPj = Smw, p^ = XmVy p^ = %mw ; 

h^=^^m{wy-'Vz), h^ = ^m(uz — wx), h^ = Xm(vx — uj). 

The total motion of the system at the instant 
question is thus represented by three linear momenta ij 
the directions of the axes and three angular momenta aboJ 
those axes. 

These are equivalent to a single linear momentum and 
single angular momentum. 

232. If the origin be not a fixed point, the expressioi 
for the rates of change of the linear momenta are unaflFecte 
but the expressions for the rates of change of anguli 
momenta will require modification. 

Let a, y8, 7 be the component velocities of the origin, an 
suppose the axes to have no rotation. 



r 

I 
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Since \ = 2m {wy — vz), 

the angular momentum, at the time t + ht, about the axis Ox, 
fixed in space 

= 2m {{w + Sm;) (y + Sy + jSS^) - (v + Sv) (^ + S^ + 78O} 

and, subtracting A^ and dividing by ZU we obtain the 
additional term 

so that the complete expression for the time-flux, about the 
instantaneous position of the axis, of the angular mo- 
mentum is 

If the origin be the centre of gravity of the system, the 
expressions for angular momenta and their rates of change 
are those of Art. (230). 

It will be seen that the teTms p^B — p^y of the previous 
article disappear in this case, for 

p^ = M^, and p^ = My. 

233. Motion of a rigid body about a fixed point 
In this case 

u = zo)^ — ytOg, V = x(o^ — zoy^f w = yco^ — X(o^y 
and therefore 

h^ = 2m (t/' -h ^) G)i — 2 {mxy) cDj — 2 {mxy) (Wg, 

and, if we represent the three moments of inertia by 
A, B, G and the three products of inertia by D, E, F 
we have 

h^ = AcD^ — Fo)^ — £0)3, 

A, = ifcDg — Da)g — Fco^f 

Ag= Cwg — ^G>j — -Dwj. 

If the expressions D, E, F all vanish the axes are said to 
be principal axes ; if two vanish, the corresponding axis is a 
principal axis. 
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In the case of a sphere, or a solid bounded by 
regular polyhedron, when the centre is the origin, 2>, £, Ji 
vanish, and A, B, G are all the same, so that the anji 
momenta take the forms 

In the case of a solid of revolution, or of a r^ 
pyramid, the axis of which is one of the axes, D, E, F\ 
vanish, and the angular momenta are 

AcD^y Aeo^f C(o^, 

In the case of a plane lamina, when, one axis is peipflj 
dicular to its plane, D and E vanish, and the aDgiil| 
momenta are 

Aon^ - F(o^, jBo)j - F(o^y {A + E) (o^. 

234. If the axis of z be fixed in space, the to 
fluxes of angular momenta about the instantaneous positifli 
of the axes are 

• • • 

It may be instructive to obtain these expressions direct 
Thus, at the time t + ^t, the angular momenta about Ox, Oj 
the consecutive positions of Oa?, Oy, being A^+Sfe^, A, +8 
it follows that the angular momenta about Oa; and Oy a 
respectively 

(h^ + Sh^) cos ^38^ - (A, + 8A,) sin e^St, 

(A, + SA j cos.e^Bt + (A, + Sa3 sin ^38^, 

and, subtracting h^ and h^ and dividing by St, we obtain, i 
the limit, the expressions given above. 

The general expressions of Art. 230 may be obtained ifi 
similar manner. 

235. We are now in a position to solve some probleffl 
and we commence with the motion of a sphere on a t(^ 
plane, under the action of forces the resultant of which pust^ 
through the centre of the sphere. 

Referring to fixed axes the linear momenta are mx^ ^ 
and the time-fluxes of the angular momenta are 

Au)^, Aw^, Aw^ where A = 2mc^/o. 
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Assuming X, Yos the forces, and taking moments about 
the lines in the plane through the point of contact parallel to 
X and y, we obtain 

— mi/c + -4(0j = — Yc, mxc + Aco^ = Xc, 
We have also the geometrical conditions, 

and we hence obtain 

mx==^X, mi/ = ^Y. 

If the frictional reactions be required, they are given by 
the equations 

mx^^^F+X, my = G+Y, 
so that F=-'^X and G^-^Y. 

If the plane be made to revolve uniformly, with the 
angular velocity fi about the axis of z, the equations of 
motion are the same, but the geometrical conditions are 

X — C(o^ = — Sly, y -f cw^ = Six. 

If in this case there be no forces in action, the elimination 
of ci>j and cd^ leads to the equations 

7a?+2ny = 0, 7y-2n^=0, 

or,if 7n = 2ft, a? + n'(a?-a) = 0, +n'(y-J) = 0, 

where a and b are constants. 

Integrating these equations and eliminating the time, we 
shall find that the path of the centre of the sphere is an 
ellipse, of which the point (a, b) is the centre. 

236. To illustrate the use of two moving axes, consider 
the motion of a rigid body about a fixed axis. 

Taking, as in Art. 211, the line OG as the axis of x and 
the fixed axis as the axis of z, 

u = — yco, V = XO), w = 0, 

and therefore, 

Aj = — Eo), h^ = — DoDy h^ = C(o, 
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Hence /? , - A,^, = - £© + i?®', 

and equating these expressions to the moments ofi 
acting forces, we obtain, as in Ait. 211, the stresses 
the axis. 

237. A circidar disc, the plane of which is vertical, 
centre fioced, is rotating about a horizontal cuds throng 
centre perpendicular to its plane, which axis is itself r^ 
freely in the horizontal plane through the centre, ad 
insect crawls in a given manner on the disc. 

Taking the figure of Art. (247), let ZO be the plane 
disc, OC being a given radius of the disc. 

The equations of motion are obtained by observing 4 
the angular momentum about Oz is constant, and that ti 
time-flux of the angular momentum about OF is equal tow 
moment about OF of the weight of the insect. 

Let p be the distance of the insect from 0, and ^ * 
angular distance of p from 00 measured in the direction C 
so that p and (f> are known functions of the time. 

Putting ZC= 0, and XZG= yjr, we obtain 

Mk'^ + mp" sin* (d + (l))yjr = 0. 

If A^, h^ be the angular momenta about OJ^ and OF, 
h^ = mp^^ sin {6 + (f>) cos (6 + ^), 
A,= 2lfA;*^ + m/)"(^ + 0). 

Hence we obtain, since h^ + h^-^ is the time-flux of th 
angular momentum about OF, 

2Mh?e-\- mp^ (^+^) + 2wpp(^+0)+7np*'>^'sin(5+^)cos(M 

= 7/2;|gr/5sin(^+fj 
and 6 and -^ are determined by these equations. 

238. Motion of a heavy sphere on the interior roaf 
surface of a vertical cylinder. 

The figure being a section by the horizontal plane ttw^^ 
the centre of the sphere, take the axis (3) through verti 
upwards and measure z upwards. 
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The accelerations of (7 in the directions (1) (2) and (3) are 

— {a — c) ^y (a — c) <f>, z\ 

In this case, since h^ — A(o^, \ = Aco^, and 0^ = ^, the time- 
fluxes of the angular momenta about the instantaneous 
positions of the lines (1), (2), and (3) are 




Taking moments about (7P, PT, and the vertical through 
P, we obtain 

ci)j — G)j^ = 0, -4ft), + Am^^ + 7iic'£=^—mgc, Ag)^— m [a—c) c0=O. 

Expressing the fact that the point P of the sphere has 
no velocity, the geometrical conditions are 

(a — c)^ + CG)g = 0, i — CG)j = 0, 

we at once see that <f} and (o^ are constant, that cay^ = <^i, and 

therefore that Az-\-A<l>z-\'7rvc^z is constant, or that if 20'=7w^ 

z-^n^z^C, 

shewing that the ball rolls up and down, between two fixed 
levels, in the time irjn. 

If the cylinder, instead of being fixed, be made to revolve 
with a constant angular velocity o) about a vertical generating 
line through the point in the figure, the angular velocity 
of the line CE is g> + 0, and the accelerations of C in the 
directions (1), (2) and (3) are, putting 6 for a — c, 

a©' cos ^ — 6 (ft) + ^)*, hif> — ao)* sin ^, z. 
B. D. 20 
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Hence, taking moments about the same axes as 
we obtain, 

^ cci>, — h ^+ oaf sin = 0. 

The geometrical conditions are that the velocities of 
point P of the sphere and of the point P of the cylinde 
the same, 

cctfj + 6 (o) + <^) — aw cos = axo — am cos ^ 

or CO), + i (ft) + ^) = a®, 

and i — c©, = 0. 

Eliminating ca, we find that 

76^ = 5ao)' sin <f), 

an equation which determines the angular motion of 
centre of the sphere relative to the cylinder. 

239. Motion of a heavy sphere on the interior 
^arface of a cone having its a^s vertical and 
downwards. 

The figure being a section of the system by the verti 
plane through the axis of the cone and the centre of 
sphere, the accelerations of C are 

r — r(f}^, r<f> + 2r^, '£, 

and the time-fluxes of angular momenta are the same as b 
the preceding case. 

The geometrical conditions are ' 

r — Cd)^ sin a = (1) 

rcj) + cwj sin a + co)^ cos a = (2) 

i — CG)2Cosa = (3). 

Taking moments about PJE, PC, and the line throu^f 
perpendicular to the plane of the figure we obtain 

(-4fi)j — -4g)j,</)) sin a + Aay^cosa — m (r<f> + 2r^) c = 0...(( 

(A Wj — Ato^ff)) cos a — J. Wg sin a = 

Ad)^ + A(o^ <f)-^m{r — r^^) c sina + mzc cosa =— mgc cosa...(8^ 
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From (4) and (2) we find that r^ + 2r^=0, or that r^j>—h^ 
From (4) and (5) it follows that Wg = 0, or that m^ = w. 




Lastly from (6), with the aid of (1), (2), (3), and the 
preceding results, we find, if we write u for 1/r, the equation, 






2 + 5 sin' a __ ^ ^ sin a cos a 
H JT w — 7 p-f t 



en cos a 



AV 



240, The general problem of the motion of a sphere on 
any surface of revolution may be treated in the same manner, 
or we may employ three moving axes. 

Taking the axes as in the figure, and taking u, v, w as the 
velocities of G in the directions (1), (2), and (3), the geo- 
metrical conditions are 

u — c(o^ = 0, t; + cwj = 0, w = 0. 

Since 0^^<f> cos 0, 6^ = 0, 0^ = <f> sin 0, 

u — v0^ + w0^ = cojj + Cft)j^ sin 0, 
i) — w0^ + u0^ = — c(»j + ctoj^ sin 0, 
w — u0^ + ^^3= — ca)j9 — ca)^ ^ cos 0, 

which are the accelerations of G. 

20—2 
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SURFACES OF KEVOLUTION, 



Hence, if i, JIf, N be the moments of the acting 
about PT, about the line through P perpendicular to 
plane AGP, and about PC, the equations of motion are 

A (tt)j — oi>^(f> sinO + G),5) — mc (— cd}^ + ca>^<f) sin ^) = i,...i, 
-4 (d>, — ©3^ COS ^ + oi)^<f> sin ^) + mc (c©, + ca>j<^ sin^) = if, .J 

-4 (d), — (ofi + a)^(f> cos 0) = N.. .iii. 




It will be seen that O moves on a parallel surface of wiiJ 
A is the vertex, and if AN = z and CIf=r, the relatio 
between r and -s? is knovm, so that z =f{r). 

Hence if s be the arc AG 

ca)j = w = 5 = — p^, 

if p be the radius of curvature of AG Q.t G. 

We also have cco^ = — t; = — r^. 

If for example the surface be a sphere, and gravity i 
only force in action, 

L = 0, iV= 0, and if = — mgc cos 6. 

Also, in this case, 

Cft)j = — au, cG)j = — a cos ^<^, 

and therefore, from equation iii, 

0)3 = 0, or ci)g = n. 
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These values of w^, ©j, ©g being substituted in equation 
i, we obtain 

a cos 0(1) — 2a sin 00(j>=^ cn0, 
and therefore 

co8'^6 = + *-sinft 
^ * a 

Substituting in equation ii and integrating we obtain a 
diflPerential equation of the first order for 0. 

This last however is more easily obtained from the 
equation of energy which is 

a»^ + a" cos" 04>^ + |c' (o)," + ©,' + o,") = 2) + 2ga cos 0, 



or 



^* + sec'^ ((7+ ^ ^sin^y =^^+i^ cos 5, 



\ • a / 7a 

C and -& being constants determined by initial conditions. 

241. Motion of a rough sphere on the surface of a flat 
disc, which is moveable on a smooth horizontal plane, the 
upper surface of the disc being perfectly rough. 




We shall suppose that the centre of gravity of the system 
has no motion; tnis will be the case if the disc be initially at 
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rest, and if the sphere, in a state of rotation about adii 
be placed gently upon the disc. 

In the figure is the projection on a horizontal pla* 
the centre of gravity of the system, E of the centre of 
of the disc, and C of the centre of the sphere ; Ox, Oj 
fixed directions. 



Taking f , 17, and a?, y, as the co-ordinates of B 
measured in opposite directions, and ft as the angular vd( 
of the disc, the geometrical conditions are 

dp-co>^=- i-ft (y+^), W 

2^ + ca), = -iy + ft(a? + ^) (2). 

Taking moments for Jhe motion of the sphere, aboatfl 
horizontal tangent lines parallel to the axes, 

mxc + mk%^ = 0, myc — mk^dy^ = 0, 

and therefore x 4- fco), = -4, y — |cg)j = B (3), (^} 

The angular momentum of the system about J 
assigned vertical line is constant, and if the sphere M 
initially no rotation about the vertical diameter this consa 
is zero. 

Taking moments about the vertical line, fixed in s[*S 
through which E is passing, 

MK^il = mx {y + 7)) — my {x •\' ^), 

or JiPK^'il = m (m + M) {xy - yx) (^I- 

We have besides mx = Jf^, and my = Mr], and we tn 
have seven equations to determine the seven udkbo^ 
quantities. 

If the original axis of rotation of the sphere be above 
line Ox and parallel to it, so that initially 

G)j = n, and to^ = 0, 

we obtain x ^- ^cw^ = 0, y — |c(»i = B,' 

The elimination of ©^ and ©^ leads to 

2x {M+ m) + BMx = - 2yft {M+ m), 
2y (M-\-m)'^ 5My - 5MB = 2x0, {M+ m), 



i 
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and, substituting for 12 its value from (5), these equations 
take the forms 

(a + hy^) X = hxy y, (a + bx^) y = bxy x + c, 
where a, b and c are constants. 

The integration of the first of these equations gives 

a + bf^Ca?, 

shewing that^he path in space of the centre of the sphere is 
a hyperbola, (a result given in the Tripos Examination, 
Jan. 1882). 

It should be mentioned that n is the initial angular 
velocity of the sphere just after having been placed in contact 
with the disc. 

If ft) be the angular velocity of the sphere about the 
diameter parallel to the axis of x before the contact, and if \ 
be the angular velocity of the disc immediately after the 
impact, n and X are determined by the equation 

mk^n — my^c = mk^o), 

combined with the preceding equations (1), (2), and (5) in 
their initial forms. 

242. Motion of a heavy rod AB, the ends of which slide 
on a fixed vertical rod OB, and a horizontal rod OA, which is 
made to revolve uniformly. 

If r be the distance from G, in the direction GA, of a 
point P of the rod, the accelerations /,/' of the point in the 

directions LP and JVP, are ^ PL — col^PLy and -^^ PN, 

where PL, PN are the perpendiculars upon OB and OA, so 
that PL = (a 4- r) cos 0, and PN= {a — r) sin 0. 

Taking moments about the line through E perpendicular 
to the plane OAB, we obtain 



/ 



dr 
m x- {(a + r)/sin d — {a-r)f' cos 0} = mga cos 0. 



-a 2a 



, -< 



^-^ * Sr ~ a»-.^== OBBf . 
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the system instead of being made to revolve uniformly 

in motion and left to itself, we shall have, taking <^ for 
.mutlial motion, and neglecting the inertia of the rods 
•A 

^ + 6' sin ^ cos ^ = — 7^ cos 0, 

.he additional equation, derived from the fact that the 
X momentum about OB is constant, 



P ni^ (a + r)' cos«^.<^= a 



3. Steady motion of a heavy body in the form of a solid 
iution, rotating uniformly about its axis, one point of 
is fixed while the axis has a constant inclination to the 
I (a), and a constant azimuthal motion (XI). 




.king moving axes as in the figure, the second axis 
perpendicular to the plane of the paper, 

dj = — ft sin a, ^2 = 0, ^3 = ft cos a, 
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also Q), = and o^ = — fl sin a, and, taking moments m 
the axes, we obtain 

Ad>^ = 0, CoD^ n sin a + Aay^ ft cos a = mga sin a, Co»3=l 

Putting n for ©3 this gives 

Ciln - -4.fi' cos a = mga, 

as the condition for steady motion. 

If a = ^ , Cnn = mgra, so that if the angular velocity 

imparted to the body about OC, when 00 is horizoi 
and 00 be then started with the angular velocity iif 
about Oz, the axis 00 will continue to revolve in a hori 
plane. 

In the general case, when the motion is not steady, 
yjr as the azimuthal motion, so that 

^, = - -^ir sin ^, 0^ = 6, ^3 = ^^008^, 
and therefore 

J.Q>j — AcD^yjr cos + OtajS = 0, 

• • • _ 

-Aft), + Ciwg^^ sin + A(o^ cos = mga sin 8, 
(7ft)g — Aco^0 — Aco^yjr sin ^ = 0. 

• • • 

Now ft)j = — 1^ sin 0, and co^ = ^, and we find that ©, is 
constant (n) and that 

-^^ sin ^ - 2^>^^cos^ + On0 = O, 

^0 + Cnyjr sin ^ — -4'^|r'^ sin ^ cos ^ = m^a sin ^, | 

two equations which completely determine the motion. 

If the motion be very nearly steady, the small oscillati* 
are determined by putting 

0=a + (f>, and -^Ir = fl 4- jj^ 

and neglecting the squares and products of the small qusn*" 
ties <f> and x- 

These results are roughly illustrated by observing ft 
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motion of an ordinary spinning top on a rough horizontal 
plane. 

The most complete illustration is obtained by means of a 
Gyroscope. 




A heavy brass solid ring is moveable about the diameter 
0(7 of a circular brass framework, and, holding this frame- 
work, a rapid rotation can be imparted to the ring. This 
can be effected by looping a string to a peg at E, winding up 
the string and pulling it out sharply. 

This being done, the point may be held by a string, 
and OG placed at any inclination to the vertical. 

Or, if a small peg be fixed at underneath the rim of 
00, this may be placed on the cup iT of a fixed vertical 
stand KLy and then the axis 00 may be seen to revolve 
horizontally. 

244, Steady motion^ about a fixed point 0, of a rigid 
body so constituted that two of the principal moments of inertia 
at the point are equal. 

In this case, of which the preceding is a particular case, 
the constraining couple is equal to 

(CXln — AD.* cos a) sin a. 

K Cn = AQ> cos a, this expression vanishes, and the steady 
motion continues without the action of any extraneous force. 



} 
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245. Motion of a rigid body about a fixed point O ttwfar 
the action of no extraneous forces, the body being so constUutei^ 
that A and B are equal at the point 0. 

The body is supposed to be set in motion in a ^Ven 
manner, or by means of given impulses. 

The moments about the principal axes of the given 
impulses are the initial values of the angular momenta 

A(o^y AoD^y (7a)j. 

There being no forces in action the angular momente 
about any fixed lines through the point remain unchanged 
and therefore the resultant angular momentum is a constant 
quantity, H, and the axis of resultant angular momentum is 
a fixed line. 

This line, which is called the invariable line, we shall take 
for Oz. 

Take OG g.s the axis of (3), and, for axes of (1) and (2) 
the line in the plane jzOC perpendicular to 00, and the lie 
perpendicular to the plane jzOG, 

Then if y^ be the inclination of the plane zOC to a fixed 
plane through Oz, 

0^ = -'1^ sin e, e^^e, ^s = -^ cos e, 

and the equations of motion are 

^ft)^-^G),'I^COS^ + OG)j^=0, (i) 

-4«2+ Cft)3'^sin^ + -4<»i'<|rcos^= 0, (ii) 

(7a)3-.J6>,^-^ft),'iP^sin^ = (iii). 

• ■ 

We have also gj^ = — -i/r sin 6, and ay^ = 6, and therefore, 
from (iii), it follows that 6)3 is constant. 

Now, H cos 0=Ga>^ and therefore it follows that C '1 
constant. 

From equation (i), we find that co^ is constant and th 
fore that yfr is constant. 

Further since — -ff sin 6 = Aco^^ we obtain A-^ = H, 
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The condition, Cog sin 6 + A<o^ cos ^ = 0, derived from (ii), 
simply expresses the known fact that the angular momentum 
about the line in the plane 2^0(7 which is perpendicular to Oz 
is zero. 

The conclusion is that the angular velocity about OC is 
constant, and that the plane zOG revolves with uniform 
angular velocity HjA about the axis of resultant angular 
momentum Oz. 

246. What has been proved of motion about a fixed 
point is equally true of the motion of a rigid body relative 
to its centre of gravity. 

This can be easily illustrated by tossing into the air a 
solid body of any symmetrical shape, such as a piece of wood 
in the form of a circular cylinder, or in the form of a cir- 
cular cone, or any regular prism or regular pyramid, taking 
care to give the body rather a rapid rotation about its axis. 

In all such cases, in whatever manner the body may be 
thrown up, its axis will be seen to describe uniformly a right 
circular cone about a line through the centre of gravity the 
direction of which remains unchanged. 

This line is the axis of the resultant angular momentum 
originally imparted to the body. 

If the Gyroscope described in Art. (243) be mounted in 
a fixed framework so as to give the diameter OG free motion 
about the fixed point O, we obtain an apparatus for directly 
demonstrating the fact that the earth has a motion of 
rotation independently of its motion of translation. 

The ring being set rotating with great rapidity, so as to 
continue rotating for some hours, it will be seen that its 
position relative to the room in which the machine is 
situated gradually changes; and, as we know that the 
direction of the axis of rotation of the ring does not change, 
it follows that the earth itself is in a state of rotation. 

247. Eulers Equations, In the case of the motion of a 
single rigid body about a fixed point or about its centre of 
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euler's equations. 



gravity, if we take for our moving axes three straight 
which are always coincident with three given lines in 
body, 



0, = ft),, 



^8 = «^S» 



^8 = ®8- 



If further we take these three lines to be principal axe^ 

and the equations of motion take the forms 

Ao>^ — {B'-'G) ft>20), = X, 
JScbj — ((7— A) GjjO), = My 

(7ft)3-(^-5)6>,ft>, = i\^, 

which are Euler's Equations. 

Oeometrical equations connecting the angular motions oM 
three moving axes with the motion of the body referred to Una 
fixed in space. 

If OA, OB, 00 be three lines fixed in the body, and 01, 
OYy 0^ three lines fixed in space, and if these lines end on 
the surface of a sphere, the position of the body will be 
completely determined by the quantities yjr, 0, <f>, if 

z 




Moreover the motion is completely determined by the 
rotation about OF, the rotation -^ about OZ and by the 
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te of separation <^ of the plane OCA in the body from the 
oving plane ZGE. 

This system must be equivalent to the system of angular 
•tations co^, co^, and ©g about OA, OB and 0(7. 

Expressing this equivalence we obtain, 

€»j = 5 COS FA + '^ cos ZA = a sin ^ — -^ sin ^ cos ^, 

co^ = 6 COS jPB + -^ COS ZB = ^ cos <^ + -^ sin ^ sin ^, 

0>3 = -^ cos ^ + 0. 

These equations may be employed in the discussion of 
he general problem of the motion of a rigid body about a 
xed point 

For this however we refer the student to Poinsot's 
^ouvelle TMorie de la Rotation des corps solides, to Dr 
Jouth's Rigid Dynamics, and other treatises. 

248. Impulses, We have given in Arts. (200) and (201), 
ihe principles which determine the effects of impulses, and 
ihe equations for the calculation of those effects. 

If smooth inelastic bodies impinge on each other, it must 
be carefully borne in mind, that the velocities, immediately 
sifter impact, of the points of the bodies in contact with each 
other, are the same in the direction of the common normal 
to their surfaces. 

If however two perfectly rough inelastic bodies impinge 
on each other, the geometrical condition is that the velocities 
of the points of contact are the same in any direction. 

If when a system is in motion, a straight line in the 
system is suddenly fixed, the impulses called into action 
have no moment about the line, and consequently the 
angular momentum about it remains unchanged. 

If a point of the system be suddenly fixed, the change 
of motion is determined by the fact that the angular 
momentum round any straight line whatever, through the 
point, remains unchanged. 
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In the case of a single rigid body, if w, v, w be the 
velocities of the centre of gravity, and ©j, ©,, o, the angukr 
velocities about principal axes through the centre of gravity, 
the changes of these quantities due to impulses whose com- 
ponents are P, Qy R, and moments, about axes through the 
centre of gravity, G, H, K are given by the equations 

Jf (i£' - w) « P, M{v' -v) = Q, Miw'-w) = iJ, 

The solution of problems involving impulses may some- 
times be facilitated by the use of the principle of virtual 
velocities. 

For any imagined geometrical displacement the virtual 
moment of the changes of linear and angular momenta is 
equal to the virtual moment of the applied impulses. 

It may be "well to notice that if a couple be displaced 
about a line parallel to its plane the virtual work is zero, so 
that if a couple is displaced about an axis not perpendicular 
to its plane, all that is necessary is to find the component of 
the couple about the axis of displacement. 

The solutions of the two following problems will serve as 
further illustrations of the application of the principles of 
momentum and energy. 

249. A system, consisting of four equal rods forming a 
square ABCD, having universal joints at A, B, G and D, is 
rotating freely with an angular velocity n ahout the line EF 
joining the middle points of BO and DA ; it is required to 
determine the changes of motion produced when the point A 
is suddenly fixed. 

In order to mark directions take the axis of z per- 
pendicular to the plane of the square, and let cOj, w^, Wg, ©^ be 
the angular velocities of AB, BG, GD, DA immediately after 
A is fixed. 

Expressing the fact that the angular momentum of the 
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rods AB, BG about the straight line AG \& unchanged, we 
obtain 

.2. 



or 



a*o). 






5fi)j + a>g = — 2/1. 
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Further the angular momenta of ADG about AC, and 
oi BCD about -BD are unchanged, and therefore 



<f(0 



a a^co^ a*7i aV 



4-;^ + a(«.+ 2a,J-^-3-2» = 3^ + -^. 



a a o). 






or 



5g)^ + ©5 = 2n, 
3fi)j + 2ft), + 2ft>3 + 3ft)^ = 2n. 



Further we have the geometrical condition obtained by 
equating the two expressions for the velocity of C which is 



or 



2aft>j + 2aG>j = 2(uo^ + 2a(o^ 



B. D. 



21 
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From these equations we find that 



_ ^1 -_ ??1 — ®8 »_ ®4 __ ^ 



9 17 3 5 14' 

If P, Q, R be the impulses at B, C, 2), we obtaiii,! 
taking moments about A, B, C, for the rods AB, BG, CD, 

i^a>^ + a'coj + aV = 2aP, 

a* (ft), + 2ft),) 4- A;* (ft,, - w) = 2aQ. . 

a' (fi)j + 2ft)^) — a'n — J^co^ = 2ajB, 

and therefore Q = 0, 14P = wa, 14i2 = — na. 

Finally the impulse at A which is the change of lim 
momentum of the system 

= aft) J + (aft) J + 2aft),) + (aft), + 2aft)J + ac)^ = | na. 

250. -4 (?m6«, the edges of which are twelve equal unifi 
rods hinged together, is hung up by one comer, the cube /( 
being maintained by a string joining this comer wi^ 
lowest comer. It is required to find the initial change ofti 
at the point of support when the string is cut. 




The corner being- the point of support and the dia 



r^ 
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OD vertical, it is clear that the initial angular accelerations 
of OA, OB, OG will be respectively in the planes AOD, 
BOD, GOD and will be equal to each other ; and further 
that the angular accelerations of all the other rods will 
be the same and will be, respectively, in parallel planes. 

If 0) represent this initial angular acceleration, 2aa), which 
we shall call 2f, will be the linear acceleration of A in the 
direction AD, of B in direction BD, and of G in direction GD. 

Taking accelerations parallel to OA, OB, and OG, we 
obtain the following forms, where K and L are the centres of 
the rods GE, ED. 

The accelerations of G are 

/V2,/V2,0, 

the accelerations of K relative to G are 

of E relative to G, 

and of L relative to E, 

//V2, 0,//V2. 

Therefore the actual accelerations of K are 

/V2.3//V2,//V2. 
and of L 

3/7V2, 2/V2, 3//V2. 

Now suppose a displacement made by slightly increasing 
the length of OD, so as to turn every rod through a small 
angle 0. 

The displacements of the various points follow the law of 
the accelerations and are of the same forms, replaciner cd 
by 0. • ^ " 

Observing that there are six rods under the same condi- 
tions as CE, three under the same conditions as ED, and 
three other rods OA, OB, OG, the equation of virtual 
work is 

6m/a^(2 + | + J) + 3m/a^(f + 8+|) 

+ 3m-^G)0+9m^co0 = 12mga0^6, 

21—2 
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for the displacement of D is the resultant of the displace- 
ments of A, B, and C. 

From this equation we obtain 

25ao) = 3g tj&, 

and since the acceleration oiD is 2aa) \/6, it follows that the 
acceleration of O is cuo V6 and is therefore 18^/25. 

Hence it follows that the diminution of stress at is 
18/25 of the total weight of the system. 

The initial stresses at the several joints can be obtained 
by giving independent displacements to the several rods, 
breaking the connections at the different joints. 

251. The endeavour of this chapter has been to explaia 
the use of moving axes, and to illustrate the solution of 
problems in three dimensions by the direct application of 
fundamental conceptions and of equations derived imme- 
diately from these conceptions. 

It is hoped that these illustrations will serve as an 
introduction to a very extensive field of thought, a field 
which has been worked extensively by^ many mathematicians 
with great power and success. 

For the more general problems of the motions of solid 
bodies on surfaces, for the great problems of Precession, and 
Nutation, and for the utilization and application of systems 
of generalized coordinates, the student will consult such 
English works as the Natural Philosophy of Sir William 
Thomson and Professor Tait, Dr Routh's Rigid Dynamics, 
and the Treatise on Generalised Coordinates by Dr H. W. 
Watson and Mr S. H. Burbury. 

The student who has time at his disposal will study the 
great works of Laplace and Lagrange, and those works, with 
the English Treatises to which we have referred, and the 
treatises and papers of Jacobi, Laurent, Bertrand, Resal, 
Mathieu and numerous others, offer a vast area for considera- 
tion, and suggest unlimited fields of research. 
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1. Two equal smooth circles are fixed so as to touch the 
same horizontal plane, their planes being at diflFerent inclina- 
tions; two small heavy beads are projected at the same 
instant along these circles from their lowest points, the 
velocity of each bead being that due to the height of the 
highest point of the other circle above the horizontal plane, 
shew that during the motion the two beads will always be at 
equal heights above the horizontal plane. 

2. A sphere is projected horizontally on an inclined 
plane, the surface of which is perfectly rough ; shew that its 
centre will describe a parabola. 

3. An imperfectly elastic rough sphere is projected 
obliquely without rotation against a fixed plane ; if i, i\ be 
the angles of incidence and reflection, \ the coeflicient of 
elasticity for direct impact, and p the ratio of the tangential 
forces of restitution and compression, prove that 

2/0 = 5 — 7\ tan i cot i, 

4. Two particles of masses m, 2m are fixed to the ends 
of a weightless rod of length 2a which is freely moveable 
about its middle point. Prove that if 6 be the inclination of 
the rod to the vertical when the particles are moving with 
uniform angular velocity <o, 

3a)'a cos 6 = g, 

5. A solid rectangular parallelepiped with edges of 
length a, 6, c, is acted on by instantaneous couples with axes 
parallel to these edges and of moments proportional to 
p :q: r; shew that the direction cosines of the instantaneous 
axis of rotation are in the ratio 



b' + c' ' c' + a' ' a^' + b*' 
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6. If an octant of an ellipsoid bounded by three prindpd 
planes be rotating about the axis a with angular velocity m, 
and if this axis suddenly become free, and the axis h fiic^ 

shew that the new angular velocity is — T~rT~^' 

7. A ring, mass M, is placed on a smooth table, and i 
held fast while a circular disc of smaller radius and mass % 
is made to run round the inside of it, the coefficient of frictioo 
being infinite. The ring being now set free determine com- 
pletely the motion and the paths traced out by the centres of 
the ring and disc respectively. 

8. There are n discs placed on a smooth table, with thdi 
edges in contact, and their centres in a straight line, the 
edges of the discs being perfectly rough. The first disc has 
communicated to it a velocity tt in a direction at right angles 
to the line of centres. Prove that the velocity and angular 
velocity of the p\h. disc are given by 



= (7 



where C = 



('-«)(:-^r*('-«)&:)}- 

(k* - a')'*-' 



, iH-1 » 



{K-^af'-' + {K + a) 
and a, k are the radius and radius of gyration of each disc. 

9. Two equal rods AB, BC are jointed at one extremity 
B of each, and the other end A of one is fixed : if C be held 
in such a position that ABCis a right angle and J. (7 hori- 
zontal, prove that when G is suddenly let go the initial 
pressure at B will be J of the weight of either rod and hori- 
zontal. 

10. A sphere is moving at a given moment on an 
imperfectly rough horizontal table with velocity V, and at 
the same time an angular velocity fl round some horizontal 
diameter, the angle between the direction of V and the axis 
of flt being a : prove that the centre will describe a parabola 

if aifc'il" + fiFsin a (a' - k') - aV* = 0. 
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11. One end of a heavy rod rests on a horizontal plane 
and against the foot of a vertical wall, the other end rests 
against a parallel vertical wall, all the surfaces being smooth. 
Shew that if it slips down, the angle <f> through which it 
turns round the common normal to the vertical walls is given 
by the equation, 

^Vl + 3cosV)=--7=t=sin<4 + (7, 

where 2a is the length of the rod, and 26 the distance 
between the walls. 

12. A smooth plate inclined at an angle <f> to the horizon 
is made to rotate about a vertical axis AB with uniform 
angular velocity <o, A rod of mass m is compelled by guides 
to be always vertical, and at a distance r from AB, while it 
rests with one end in contact with the plate, sliding up and 
down as the latter rotates. Shew that, if the rod be initially 
in its lowest position, the pressure on the plate at the end of 
the time t will be 

m (g cos <f> + ro)^ cos at sin <f>) sec'^. 

13. A square is revolving, with angular velocity ft, round 
a diagonal which is vertical, the highest point of which 
is fixed ; if suddenly one of the angles adjacent to the fixed 
point become fixed, shew that the square will just revolve 

round the fixed side, if fl* = - — - , and the impulsive pres- 
sures at the two fixed points are in the ratio 3 : 2 ; a being 
the length of a side of the square. 

14. A smooth homogeneous cone is placed within a 
hollow sphere circumscribing it, and set rotating about its 
axis of figure with a given angular velocity ; determine the 
motion. 

15. A plane mirror whose thickness may be neglected 
and whose centre of gravity is fixed, moves under the action 
of no forces so that its invariable plane is horizontal ; prove 
that the image of any luminous point below the mirror and 
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on the invariable line moves on the surface of a sphere » 
that its zenith distance (0) and azimuth (yjr) are connectedly 
the equation 

-j^ = m + n cosec 77 . 
at 2 

16. A sphere of radius c on a smooth horizontal plane b 
placed in contact with a rough vertical plane, which is made 
to revolve with angular velocity co about a vertical axis ii 
itself : if a be the initial distance of the point of contact bm 
the axis, and r the distance at the time t, prove that 

2r = (a + c^/i) €^^^* + (a - cVi) e" ^^H 

Also shew that the ratio of the friction to the pressure 
approximates, as t increases indefinitely to 1 : ^/35. 

17. A rough plane is made to revolve uniformly, with 
angular velocity co, about a horizontal line in itself, and a 
sphere is projected so as to move upon it, determine 
motion ; and if, when the plane is horizontal, the centre of 
the sphere be vertically above the axis of revolution, and be 
moving parallel to it, prove that the contact will cease vf 
the plane has revolved through an angle given by tbe 
equation 

11 cos d aw' 5 , c./R _*v/5v 
6 ^ 12 ^ ^ 

18. A frame consists of four equal uniform rods loosely 
jointed at their ends so as to form a square, and one of the 
rods carries a light ring fastened to it at its middle point. 
The frame moves with uniform velocity on a table. All 
kinds of friction being neglected, prove that when a vertical 
bolt is shot through the ring the frame will be brought 
absolutely to rest. 

19. A solid cube is in motion about any angular poifit 
which is fixed ; if o^, cd^, ©g be the angular velocities about 
the three edges through the fixed angular point, and if no 
extraneous forces be in action, prove that a>^ + a>^ + ©, ^^ 
constant, and that ay^ + w^ 4- (o^ is also constant. 
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20. A circular wire ring of radius a rolls on a rough 
horizontal plane, so that its plane maintains a constant in- 
clination (a) to the vertical ; if co be the angular velocity of 
the ring, and ft the azimuthal motion of its centre, prove 
that 

4aa)ft cos a — aft^ sin a cos a = 2^ sin a. 

21. A hollow cone, the internal surface of which is 
perfectly rough, is fixed in a position in which its axis is 
inclined at an angle a to the vertical, and a solid cone of 
smaller vertical angle is placed inside, its vertex coinciding 
with the vertex of the fixed cone, and allowed to perform 
small oscillations; prove that the length of the simple 
isochronous pendulum is 

4^' sin (/3 - 7) 
Sh sin a sin' 7 ' 

2a and 27 being the vertical angles, h the height of the 
moving cone, and k its radius of gyration about a generating 
line. 

22. A vertical hollow infinitely rough cylinder is move- 
able about its axis. A sphere is projected horizontally in 
contact with the cylinder. Shew that the cylinder will move 
during the subsequent motion with a constant angular 
velocity, and find its magnitude, having given V the velocity 
of projection of the sphere before it touched the surface, a, m 
the radius and mass of the sphere, and 6, M those of the 
cylinder. 

23. A sphere is pressed between two perfectly rough 
parallel boards which are made to revolve with the uniform 
angular velocities ft and ft' about fixed axes A and B per- 
pendicular to their planes. Prove that the centre of the 
sphere describes a circle about an axis which is in the same 
plane as A and B, and whose distances from these axes are 
inversely proportional to ft and ft'. 

Shew that, when A and B coincide, the points of contact 
will trace on the sphere small circles, the tangents of whose 
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radii will be - ^ — ^, , a being the radius of the sphere, airi 
c that of the circle described by its centre. I 

24. If a rectangular parallelepiped (edges 2a, 2a, 2^ 
move freely about its centre of gravity under no forces: 
shew that its angular velocity about one principal axis is 
constant and about the other principal axes is periodic, the 
period being to the period of revolution about the first- 
mentioned principal axis as 6' + a' : 6' — a\ 

25. A system of two bodies is acted on by no forces, asA 
moving, one about a fixed axis, the other about an axis 
fixed in the first, and parallel to the former axis; shew 
under what circumstances the two bodies will revolve about 
the fixed axis as a single body, and determine when disturbed 
from such a condition, whether they will oscillate or Dot, 
and the time of a small oscillation. Prove that if the bodies 
be two equal rods freely jointed at a common extremity and 
moveable about the other extremity of one of them, the time 

of a small oscillation = J-^^ x time of a complete revolution. 

26. A body in the form of a solid of revolution has a 
point in its axis attached by a universal joint and a string of 
length Z to a fixed point ; an angular velocity co about its 
axis of figure is given to the body, and » is the angular 
velocity of the centre of gravity about the vertical, the 
angle which the string, <f> that which the axis of the body 
makes with the vertical, a the distance between the centre of 
gravity and the point of suspension ; G being the moment of 
inertia about the axis of figure. Shew that when the motion 
is steady 

(A - C)n sin (f> (a) -n cos <^) cos = Mga sin (^ — 0) 
ft)' (Zsin ^ + a sin ^) =ff tan 0. 

27. A ring rests upon two smooth horizontal bars which 
in the position of equilibrium subtend an angle 2a at the 
centre ; shew that, if the ring be disturbed by twisting it 
through a small angle about its vertical diameter, the length 

of the simple isochronous pendulum will be ^ cot a cosec a. 
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28. A smooth circular tube, of radius a, has its centre 
fixed at a height h above a fixed horizontal plane, which it 
touches, a particle of mass m is placed within it at a distance 
c below the horizontal plane through the centre of the tube 
which becomes z at the time f, prove that, if the moment of 
inertia of the tube about a diameter be nma? 



[dtj " a' ' 



'dz\^ _2g (z -c)(h' -- z') (nh^ + a' -- z^) 



If the particle be initially in the horizontal diameter, prove 
that the initial pressure between the tube and particle will 
be less than if the ring were fixed, in the ratio n : n + 1. 

29. A sphere is rolling on the rough surface of a 
cylinder, the cross section of which is the curve 

3r = aV2€^^*; ' 

prove that, if there be no forces, the path of the point of 
contact becomes, when the cylinder is developed into a plane, 
a curve of the form, 

y=^(<x + l3x) cos (log-j + (7 + Sw) sin (log- j . 

30. A sphere moves under the action of gravity on the 
inside of a rough cylindrical surface, of which the generating 
lines are inclined at an angle a to the horizon, and the 
transverse section perpendicular to the generating lines is a 
cycloid with its vertex at the lowest generating line. 

The sphere is projected initially with a velocity V along 
the generating line at which the curvatures of the sphere 
and cycloid are equal. 

Prove that the motion will be comprised within a length 

2a 

;; of the cylinder, and that the time between 

^ 5g cos a "^ 

successive instants of the sphere reaching the original 

generating line is 47r /y/ = , where a is the radius of 

the generating circle of the cycloid. 
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31. A perfectly rough circular disc, of which the cenl 
is fixed, is constrained to roll with its edge on a honzoi 
plane, so that the point of contact moves with ant 
velocity n. 

A sphere is placed on the disc in contact with a horizonl 
diameter, and in a state of relative rest. Obtain 
equations of motion, and shew that the sphere moves 
the disc as if that were at rest and the sphere a smooi 
heavy particle, and that the trace of the point of contact 
the disc, referred to axes in its plane, that of y 
horizontal, is the curve 






the disc being inclined at an angle a to the vertical, and c 
being the initial value of y. 

32. At a point P of the earth's surface a sphere hps its 
centre fixed and by means of pegs at the extremity C of a 
diameter, the diameter OG is compelled to move in the 
meridian at P; if originally 00 be parallel to the axis of 
the earth and the sphere have angular velocity about 0G\ 
prove that if the sphere be disturbed 00 will oscillate in the 
meridian in a time 

27r 

Jna> 

where co is the angular velocity of the earth about its 
axis. 

33. A solid of revolution has a point in the circum- 
ference of its base fixed and receives a blow in a direction 
passing through its centre of gravity and parallel to the 
tangent line to the base at 0. If the principal monftents of 
inertia at G in directions perpendicular to the blow are 
proportional to those about parallel axes through O, prove 
that the instantaneous axis and OG are equally inclined to 
the plane of the base. 
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34. A heavy, uniform, and inextensible string is in 
equilibrium in the form of a horizontal ring on a smooth 
sphere ; prove that, if it be cut at a point Ay the initial change 
of tension at a point P will be to the weight of the string in 
the ratio 

cos h {(f> cos a) : 27r cot a cos h (tt cos a), 

a being the angular distance of the string from the vertex of 
the sphere, and 7r-6 the angle subtended at the centre of 
the ring by the arc PA. Tripos, Jan. 1883. 

35. A rough heavy sphere, radius c, rolls on a fixed 
rough surface, of the form generated by the revolution of a 
circle, radius b, about a vertical axis in its own plane, distant 
a from the centre, a being greater than b + c. Prove that if, 
at the time t, (f) be the angle through which the plane 
through the vertical axis and centre of the sphere has 
turned, the ificlination to the vertical of the common 
normal, cj^ the angular velocity about that common normal, a 

and X the i^ itial values of and ^, and if and <o^ be initially 
zero, and Z= 64-c, 

cctfg = a0<f), 

P0'^(a-lsm0y4>'^\'(a-lsmay-\-^c\' 

= \pgl (cos a — cos 0), 

^ |(a- Zsin 0y^' • + ^aa>^ (a - Zsin 0) = 0. 

36. A perfectly rough plane, inclined at a fixed angle 
to the vertical, rotates about a vertical line with uniform 
angular velocity ; shew that the path of a sphere which is 
placed upon it is given by two equations of the forms 

y + ax + by = 0, a? — ay + Vx = c, 

the origin being the point where the vertical line meets the 
plane, and the axis of y being the straight line in the plane 
which is always horizontal. 
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37. Two equal spheres attracting each other, the foie 
varying as the distance, are rolled upon a perfectly roB^ 
horizontal plane. Prove that they will describe ellipsei 
about each other in the periodic time 

V lOfi' 

If the plane revolve with a uniform angular velocity 
about a vertical axis, prove that their centre of gravity wil 

move in a circle with uniform angular velocity -=- ; and tbt 

their relfeitive orbits will be such that each will appear to 
other to describe a circle with uniform angular velocity 



v/ 






while the centre of that circle moves with* uniform angular! 
velocity 



lOfi ft)* _ 0) 
in another circle. 
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Latin Exercises and Grammar Papers. 6th Edit. Foap. 8yo. 2f . 6<2. 
Unseen Papers in Latin Prose and Verse. With Examinatkn 

Questions. 4th Edition. Foap. 8yo. 28. 6d. 
in Greek Prose and Verse. With Examination Qnestioiu. 

3rd Edition. Foap. Svo. 38. 

Easy Translations from Nepos, Csesar, Cicero, Livy, ftc, for 

Betranslation into Latin. With Notes. 28. 
By A. M. M. Stedman, M.A., Wadham College, Oxford. 

Latin Examination Papers in Grammar and Idiom. 2nd 

Edition. Grown Bvo. 2»,6d. Key (for Tutors and Private Students only), fo. 

Greek Examination Papers in Grammar and IdlonL 2«. 6d. 

By the Bxt. P. Fbobt, M.A., St. John's College, Cambridge. 
Materials for Latin Prose Composition. By the late Bev. P. 

Frost, M. A. New Edition. Fcap. Svo. 28. Key (for Tutors only), 48. 

ICaterlals for Greek Prose Composition. New Edit. Foap. 8m 

28. 6d. Key (for Tutors only), Ss. 

Florlleglnm Poetionm. Elegiae Extracts from Orid and Tilnilte 
New Edition. With Notes. Foap.Sro. 28. 

By H. A. HoLDEN, LL.D., formerly Fellow of Trinity Coll., Camb. 

FoUoram SilYula. Part I. Passages for Translation into Latio 

Elegiac and Heroio Verse. 10th Edition. PostSro. 78. 6d. 
. Part II. Select Passages for Translation into Latin I^ 

and Oomio Iambic Verse. 8rd Edition. PostSro. Ss. 
Fdla SIItiIUb, sive Eologs Poetarom AngUoomm in Latinnm et 

GrsBonm oonyersiB. Svo. VoL 11. 48. 6d. 
FoUonun Centorto. Select Passages for Translation mto Lstia 

and Greek Prose. 10th Edition. Poet Svo. Ss. 
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QrsBoa : a Series of Elemeutazy Greek Ezeroises. By Bey. J. W. 
Dayii, M.A., and B. W. Baddeley, M.A. 8rd Edition. Fcap. Svo. as.6d. 

Gl-reek Vene OompoBltion. By G. Preston, M.A. 5th Edition. 

Crown 8to. 48. 6d. 

Qreek Partioles and their Combinations according to Attic Usage. 

A Short Treatise. By K A. Paley, M.A., LL.D. 28. 6d. 
Rudixnents of Attic Construction and Idiom. By the Bev. 

W. O. Gompton, M. A, Assistant Master at Uppingham School. 3& 
Anthologla Qrsoa. A Selection of Choice Greek Poetry, with Notes. 

By F. St. John Thackeray, ith and Chn/pw JBdsMon. 16mo. 48. 6d. 
Anthologla lAtina. A Selection of Choice Latin Poetry, from 

NiBvins to BoMhins, with Notes. By Bey. F. St. John Thaokeraj. Bayised 

and Cheaper Edition. 16mo. 48. 6d. 



TRANSLATIONS, SELECTIONS, &o. 
*«* Many of the following books are well adapted for School Prizes. 
Aesohjliui. Translated into English Prose by F. A. Paley, M.A., 

LL.D. 2ndBdition. 8yo. 78. 6d. 
Translated into English Verse by Anna Swanwick. 4th 

Edition. Post 8yo. Ss. 
Horaoe. The Odes and Carmen Siscnlare. In English Verse by 

J. Ck>nington, M.A. 10th edition. Foap. 8yo. 5«. 6d. 

■ The Satires and Epistles. In English Verse by J. Coning- 

ton,M.A. 7th edition. 68. 6d. 

Odes. Englished and Imitated by varions hands. 1^. 6(2. 



Plato. Gorgias. Translated by E.M. Cope, M.A. 8vo. 2nd Ed. 78. 
— — Philebus. Trans, by F. A. Paley, M. A., LL.D. Sm. Svo. 4«. 
— — Thentetus. Trans. byF. A. Paley, M. A., LL.D. Sm.Bvo. 4«. 
— ^— Analysisandlndexof tbeDialognes. By Dr. Day. Po8t8Y0.5«. 
Sophocles. Oedipus Tyrannns. By Dr. Kennedy. Is. 

The Dramas of. Bendered into English Verse by Sir 

George Young, Bart., M.A. Svo. 12s. 6d. 

Theoorltos. In English Verse, by C. S. Calverley, M.A. New 

Edition, revised. Grown Svo. 78. 6d. 
Tranalatlonf into English and Latin. By C. S. Calverley, M.A. 

Post 8vo. 78. 6d. 
Translations intoEnglish, Latin, and Greek. By B. C. Jebb, Litt. D., 

H. Jackson, LittD., and W. E. Onrrey, M.A. Second Edition. Ss. 
Extracts for Translation. By B. C. Jebb, Litt. D., H. Jackson, 

Litt. P., and W. E. Gurrey, M.A. 48. 6d. 

Between Whiles. Translations by Bev. B. H. Kennedy, D.D. 

2nd Edition, revised. Crown Svo. 5«. 

Sabrinae Corolla in Hortulis Regiae Scholae Salopiensis 

Oontezuemnt Tres Yiri Floribns Legendis. Fonrth Edition, thoroughly 
Revised and Rearranged. With many new Pieces and an Introduction. 

[JSead]/ immedtaiely. 



REFERENCE VOLUMES. 

A Latin Grammar. By Albert Harkness. Post Svo. 6«. 

By T. H. Key, M.A. 6th Thousand. Poet Svo. S«. 

A Short lAtln Grammar for Sohooli. By T. H. Eey» M.A, 

F.B.S. loth Edition. Post Svo. 88.6d. 
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▲ GKilda to the OholM of GlaBsloal Books. By J. B. Mayor, MJ. 

Srd BditUm, with a 8aimlemeiitaf7 List. Grown 8to. 48. 6d. Ss^sit- 
mentwy List separately, Is. 6cL 

The Theatre of the Oreeke. By J. W. Doiuddfloii, DJ). Mi 

Bditioii. PortSro. 5s. 

Kelghtley*! Mythology of Greece and Italy. 4ih Sditicn. Si. 

CLASSICAL TABLES. 
Zjatin AooldBnoe. By the Bev. P. Frost, M.A. 1«. 
lAtln YenlfloatioiL It. 

NotablUa Qmedam; or the Prindpal Tenses of most of tiie 
Irregular Greek Yerbf and laamentaty Gfeek. Latin* and French Ooar 
itrootion. New Bdition. Is* 

Blchmond Rules for the Orldian Distich, Ae. By J. Tale, M.A. h. 

The Prtnolples of Latin Syntax. It. 

Ghreek Verbs. A Catalogue of Verbs, Irregular and Defective. By 

J. S. Baird, T.C.D. 8th Edition. 28. 6d. 
CHreek Aooents (Notes on). By A. Barry, D.D. New Edition. U. 
Homeric Dialect. Its Leading Forms and Peculiarities. By J. & 

Baird, T.O.D. New Edition, by W. G. Bntherford, LL.D. Is. 
Ghreek Accidence. By the Bev. P. Frost, M.A. New Edition, la 

CAMBRIDGE MATHEMATICAL SERIES. 

Arithmetic for Schools. By G. Pendlebnry, M.A. 3rd Edition, 
revised and stereotyped, with or without answers, 4a. 6d. Or in two 
parts, 28. 6d. each. 

BxAXPLES (nearly 8000), without answers, in a separate toL 3s. 
In nse at St. Paul's, Winchester, Oharterhouse, Merohaait Taylors', 
Ohrist's Hospital, Sherborne, Shrewsbury, and at many otiier 
Schools and Oolites. 

Algebra. Choice and Chance. By W. A. Whitworth, MJL 4Ai 

Edition. Os. 
Euclid. Books 1.-71. and part of Books XI. and XIT. By H. 

Deighton. 48. 6d. Key (for Tutors only), 58. Books I. and II., 2s. 
Euclid. Exercises on Euclid and in Modem Geometiy. By 

J. McDowell, M.A. Srd Bdition. 68. 
Trigonometry. Plane. By Bey.T.yyvyan,M.A. Srd Edit. 3«.6d 
(Geometrical Conic Sections. By H. G. Willis, M.A^ Man- 
chester Grammar School. 58. 
Conies. The Elementary Geometry ot 6th Edition, revised and 

enlarged. By 0. Taylor, D.D. 48. 6d. 
Solid Geometry. By W. S. Aldis, M.A. 4th Edit, revised. 6f. 
Geometrical Optics. By W. S. Aldis, M.A. 3rd Edition. 4<. 
Rigid Dynamics. By W. S. Aldis, M.A. 4*. 
Elementary Dynamics. By W.Garnett,M.A.,D.C.L. 5th Ed. 6f. 
Dynamics. A Treatise on. By W. H. Besant, ScD., F.B.S. Is, 6(2. 
Heat. An Elementary Treatise. By W. Gamett, M.A., D.G.L. 5th 

Bdition, revised and enlarged. 48. 6d. 
Elementary Physics. Examples in. By W. GkiJlatly, M.A. is. 
Hydromechanics. By W. H. Besant, Sc.D.,F.B.S. 4th Edition. 

Part I. Hydrostatics. 58. 

Mathematical Examples. By J. M. Dyer, M.A., Eton College, 

and B. Prowde Smith, M.A., CSheltenham Oollege. 66. 

Heohanios, Problems in Elementary. By W. Walton, MJL 
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CAMBRIDGE SCHOOL AND COLLEGE 

TEXT-BOOKS. 

A. 8erie$ of Elementary Treatises for the use of Students, 

Arithmetlo. By Bev. G. Elsee, M. A. Foap. 8yo. 13th Edit. 8<.6(L 

By A. Wrigley, M.A. 8#. 6(i 

A Progressiye Course of Examples. With Answers* By 

J. Watflon, H.A. 7t1i Bdition, rerised. Bj W. P. Goudie, B. A. 28. 6d. 

Algebra. By the Bey. G. Elsee, M.A. 7th Edit. 4s. 

Progressiye Gourse of Examples. By Bey. W. P. 
M'Mioliael,M.A.,and B.Prowde Smith, M.A. 4tli Edition. Ss. 6d. With 
Answers. 4b. 6d. 

nazra ABtronomy, An Introduction to. By P. T. Main, M.A. 

5th Edition. 4<. 

Oonlc Seotions treated Geometrically. By W. H. Besant, Sc.D. 
7th Edition, is. 6d. Solution to the Examples, it. 

■ Enunciations and Figures Separately. Is. 6(i 

StatioB, Elementary. By Bey. H. Ooodwin, DJ). 2nd Edit. 8f. 

Hydrostatios, Elementary. By W. £L Besani, Sc.D. 13th Edit. i«. 

MensuratioiiyAnElementazy Treatise on. By B.T.Moore,M.A. 3i.6d. 

Newton's Prinolpla, The First Three Sections of, with an Appen- 
dix ; and the Ninth and Eleyenth Sections. B7 J. H. Evans, M.A. 5th 
Edition; by P. T. Main, M.A. 4«. 

AnalyticidGteometry for Schools. ByT.G.Vyyyan. 5th Edit. 4<.6J. 

Qreek Teitament, Gompanion to the. By A. G. Barrett, M.A. 

5th Edition, reyised. Foap. 8yo. 58. 
Book of Ctommon Prayer, An Historical and Explanatory Treatise 

on the. By W. G. Humphry, B.D. eth Edition. Foap. Syo. 2s. 6d. 
Moslc, Text-book of. By Professor H. G. Banist^. 14th Edition, 

revised. Ss. 

m Goncise History of. By Bey. H. G. Bonayia Hunt, 

Mus. Doc. Dublin. 10th Edition reyised. Ss. 6d. 



ARITHMETIC AND ALGEBRA. 

See also the two foregoing Series. 

Arithmetlo, Examination Papers in. Gonsisting of 140 papers, 
each containinf^ 7 questions. 357 more difficult problems follow. A col- 
lection of recent Public Examination Paperst are appended. By 0. 
Pendlebury, M.A. 28. 6d. Key, for Masters only, 58. 

Algebra, Examination Papers in. Preparing. 

Graduated Exercises in Addition (Simple and Compound). By 
W. S. Beard, G. S. Dept. Rochester Matbematical School. 1b. 
The Answers sent free to Masters only. 
Fw Candidates for Commercial Ceiiificates and CivU Seroice Exams. 



BOOK-KEEPING. 

Book-keeping Papers, set at yarious Public Examinations. 
Collected and Written by J. T. Medhurst, Lecturer on Book-keeping in 
the Oity of London Colleife. Sn. 

▲ 2 
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GEOMETRY AND EUCLID. 

EuoUd. Books I.-YI. and part of XL and XTT. A New Trans- 
latioii. Bj H. Deighton. Books I. and II. separately, 2s. (See p. 8.} 

The Definitions of, with Explanations and Szercises, 

and an Appendix of Bzeroises on the Unt Book. By R. Webb, ILA. 
Grown 8to. Is. 6d. 

Book I. With Notes and Exercises for the nse of Fke- 

pamtocy Bohoob, Ac. By Braithwaite Amett, M.A. 8to. 4s. 6d. 

The First Two Books explained to Beginners. By C. P. 



Mason. B.A. Snd Edition. Faap.8TO. as.6d. 

The Bnimoiatloiui and Flgurea to ISiidlid'a Klements. By Be?. 

J. Bna0e,D.D. New Edition. Foap.Sro. Is. Without the FSeriu«, C^ 

BzendaeiozilSuoUdandlnModemOeometry. ByJ.MoDoweD, 

B.A. OiownSro. Srd Edition reriaed. 6$, 
G^eometilcal Conic Seotiona. By H. G. Willis, M. A. (See p. S,) 
Gfreometrlcal Oonlo Sections. ByW. BL Besant,D.Sc. (See p. 9.) 
mementary Geometry of Ckmios. By C. Taylor, DJ>. (See p. 8.) 
An Introduction to Ancient and Modem Geometry of Ckinloa. 

By 0. Taylor, D.D., Master of St. John's CoIL, Gamb. 8to. 15s. 

Solutions of Geometrical Problems, proposed at St. John's 

OoUeg^ from 1830 to 1846. By T. Oaskin^ M.A. 8to. 128. 



TRIGONOMETRY. 

Trigonometry, Introduction to Plane. By Ber. T. G. Tyvyaa, 
Gharterhonee. 8rd Edition. Or. 8yo. Ss. 6d. 

An Elementary Treatise on Mensuration. By B. T. Moere, 

M.A. 8s. 6d. 

Trigonometry, Examination Papers in. By G. H. Ward, M.A, 

Assistant Master at St. Panl's Sohool. Grown 8vo. 28. 6d. 



ANALYTICAL GEOMETRY 
AND DIFFERENTIAL CALCULUS. 

An Introduction to Analytical Plane Geometry. By W. P. 

Tnmbnll, M.A 8to. 128. 

Problems on the Principles of Plane Oo-ordinate Geometry. 

By W. Walton. M.A. 8to. 168. 

Trillnear Oo-ordlnates, and Modem Analytical Geometry of 

Two Dimensions. By W. A. Whitworth. M.A. 8to. 16s. 

An Elementary Treatise on Solid Geometry. By W. 8. Aldis, 

M.A 4th Edition revised. Gr. 8yo. 6b. 
Elliptic Functions, Elementary Treatise on. By A Oayley, ScD. 

Professor of Pure Mathematics at Gambridg^ Uniyersity. DemySrow 15s. 
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MECHANICS ft NATURAL PHILOSOPHY. 

StaUci, Elementary. By H. Goodwin, DJ). Feap. Sroi. Snd 

Bdition. Ss. 

Dynamlos, A Treatise on Elementary. By W. Qaxnett, li«A., 

D.C.L. SthBditioii. drown 8to. 8«. 
I>7xiamio8. Bigid. By W. S. Aldis, M.A. if. 
Dynamics. A Treatise on. By W. H. Besant, So.DmF.B.S. 7<. 6d. 
Slementary Meohanioa, Problems in. By W. Walton, M.A. New 

Edition. Grown 8vo. 68. 

Theoretloal Meohanloa, Problems in. By W. Walton, M.A. 8rd 

Ddition. Demy 8vo. 16s. 
HydroBtatloa. By W.H. Besant, Sc.D. Feap. 870. ISthEditian. if. 

Hydromeohanioa, A Treatise on. By W. H. Besant, Sc.D., FJB.8. 
8vo. 4th Bdition, revised. Part I. Hydrostatios. Ss. 

Hydrodynamics, A Treatise on. Vol. 1. 10s. 6(2. ; Vol. 11. 12s. M* 
A. B. Bauet, M.A. 

Optloa, Geometrical By W. S. Aldis, M.A. Crown 8to. 3rd 

Edition. 4s. 

Double Beflraotlon, A Chapter on Fresnel's Theory of. By W. 8. 

Aldis, M.A. Syo. &. 

Heat, An Elementary Treatise on. By W. Gamett, M.A. , D.C Jju 

Grown 8ro. 5th Bdition. 4s. 6d. 

Momentary Physics. By W. Gallatly, H.A., Asst. Ezamr. at 

London Uniyersity. 4s. 

Newton's Prinoipia, The First Three Seotions of, with an Appen- 
dix ; and the Ninth and Eleventh SeotionB. By J. H. BvasB. M.A. ttSk 
Bdition. Bdited by P. T. Main. M.A. 4s. 

Astronomy, An Introduction to Plane. By P. T. ICain, ICA. 

Foap. 8vo. oloth. 5th Edition. 4s. 

Practical and Spherical By B. Main, M.A. Syo. lit, 

Mathematioal Examples. Pure and Mixed. By J. M. Dyer, M. A., 

and B. Prowde Smith, M.A. 6s. 

Pure Mathematics and Natural Philosophy, A Compendium of 
laots and FormnlsB in. Bv G. B. Smalkj. 2nd Bdition, xeyiaed by 
J. McDowell. M.A. Foap. 8vo. 8s. 6d. 

Elementary Mathematioal Formulas. By the Bey. T. W. Open- 

shaw, M.A. Is. 6d. 

Elementary Course of Mathematios. By H. Goodwin, DJ). 

6th Edition. 8vo. 16s. 

Problems and Examples, adapted to the * Elementary Coarse of 

Mathematics.* 3rd Edition. 8vo. 5s. 

Solutions of Goodwin's CoUeotkm of Problenui and Exainpiea, 

By W. W. Hntt, M.A. 8rd Edition, revised and enlarged. 8vo. 9b, 

A Collection of Examples and Problems in Arithmetic, 

Algebra, Geometry, Logarithms, Trigonometry, Gonio Seotioas, Meohanies. 
ArC, with Answers. By Bev. A. Wrigley. 20th Thousand. 86. 6d. 
Key. lOs 6d 

Science Examination Papers. Part I. Inorganic Chemistry. By 
B. B. Bteel, M.A., F.C.S., Bradford Grammar School. Grown 8ve. 26. 6d. 
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TECHNOLOQICAL HANDBOOKS. 

Edited by H. Tbxtbican Wood, Seoretary of the Society of Arts. 
Dyeing and Tlssae Printing. By W. Crookes, FJELS. Ss. 

Olass Mannftustore. By Henry Ohanoe. MA.; H. J. Powell, B.A:; 
•nd H. G. Harris. 80. 6d. 

Ck>tton Spinning. By Biohard Marsden, of MAnebester. 3id 

Edition, reriaed. 6c 6d. 

Ohemistry of Coal-Tar Colours. By Prof. Benedikt, and Dr. 
Kneoht of Bradford Teclinical Oollege. 2nd Edition, enlarg-ed. 6s. 6d. 

Woollen and Worsted Cloth Manu&cture. By Boberts Beaa- 
mont, ProfeMor at Yorkshire Golleffe, Leeds. 78. 6d. 

Cotton Weaving. By B. Marsden. [Jn the pres$, 

C61oar in Woven Design. By Boberts Beaumont, lln the prest. 

Bookbinding. By Zaehnsdorf. [Preparing. 

Others in preparation. 



HISTORY, TOPOGRAPHY, &c. 
Beme and the Campagna. By R Bum, M.A. With 85 En- 

gntTisgi and 26 Maps and Plans. With Appendix. 4to. 21s. 

Old Borne. A Handbook for Travellers. By B. Bom, MJl. 
inth Maps and Plans. DemySro. 6s. 

Hodem Europe. By Dr. T. H. Dyer. 2nd Edition, revised and 
eontiniied. 6 toIs. Demy 8yo. 21. 128. 6d. 

The Hlatory of the Kings of Borne. By Dr. T. H. Dyer. 8va 5s. 

The History of Pompeii: its Buildings and Antiquities. By 
T. H. Dyer. 8rd Edition, brought down to 1874. Post Sto. 7s. 6d. 

The City of Borne : its History and Monuments. 2nd Edition, 
zorised by T. H. Dyer. 58. 

Anoient Athens: its History, Topography, and Bemains. By 
T. H. Dyer. Super-royal 8to. Oloth. 7$. 6d. 

The Decline of the Boman Bepublio. By G. Long. 5 vola 

8fO. 5s. each. 

EDstorloal Maps of "Bngland. By C. H. Pearson. FoUa 3rd 

Edition revised. 81s. 6d. 

History of England, 1800-46. By Harriet Martineau, with new 
and oopions Index. 5 toIs. Ss. 6d. each. 

A Praotioal Synopsis of English History. By A. Bowes. 9th 

Edition, reyised. 8to. Is. 

Idves of the Queens of England. By A. Striokland. Libraiy 

Edition, 8 vols. 7s. 6d. each. Oheaper Edition, 6 vols. 56. each. Abridged 
Edition, 1 vol. 6s. 6d. Mary Queen of Soots, 2 vols. 5s. eaoh. Tudor and 
Stuart Princesses, 58. 
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glnliazd'B Ufe of Karl the Great (Oharlemagne). Traoslated, 

with Notei, 1)7 W. G]aister, M.A., B.O.L. drown 8vo. 4a. 6d. 

^I^e Etoments of Gtoneral History. By Prof. Tytler. New 

Bdit&on, brought down to 1874. Small Post 8to. 8«. 6d. 
^Zistory and Geography Examination Papers. Compiled by 

C. H. Spence, M.A., Clifton College. Grown 8yo. &. 6d. 



PHILOLOGY. 

"WTMrnSTER'a DIOTIONARY OF THE ENGLISH LAN- 

GUAGB. With Dr. Mahn's Btjmology. 1 toI. 1628 pages, 9000 IllnB. 
trationB. 81i. ; half calf, SOs. ; calf or half nusia, 31«. od. ; nuMoa, 21. 
With Appendioea and 70 additional pages of Illnstrations, 1919 pajges, 
8U. 6d. ; half calf, 21. ; calf or half mssia, 21. 2s. ; mssia, 21. lOs. 

• Ths BB8T FBAoncAL BvouBH DicnoHABT xxTAVT.'— Quartarly IZeoisw, 187S. 

Prospectnaes, with speounen pages, post free on application. 

Riohardson's Philological Dictionary of the EngUsh Language. 

Combining Explanation with Bt^ology, and oopionsly illnstrated by 
^Dotations from the best Anthonties. With a Supplement. 2 yoUi. 4to. 
41. 14f. 6d. Supplement separately. 4to. 128. 

Brief History of the English Language. By Prof. James Hadley, 
LL.D., Yale College. Fcap. 8to. Is. 

Tbe Elements of the English Language. By E. Adams, Ph.D« 

SlstBdition. PostSvo. 4s. 6d. 
PliUologioal Essays. By T. H. Key, M.A., F.B.S. 8yo. lOf . 6ii. 
Synonyms and Antonyms of the English Language. By Aroh- 

deaoon Smith. 2nd Edition. PostSro. Ss. 
Synonyms Discriminated. By Archdeacon Smith. Demy 87a 

2nd Edition reyised. 14s. 

Bible English. Chapters on Words and Phrases in the Bible and 
Prayer Book. By Ber. T. L. O. Davies. 2nd Edition revlBed, in the press. 

The Queen's English. A Mannal of Idiom and Usage. By the 
late Dean Alf ord. 6th Edition. Fcap. Sva Is. sewed. Is. 6d. clotL 

A History of English Rhythms. By Edwin Guest, M.A., D.G.L. 
LL.D. New Edition, by Professor W. W. Skeat. Demy Syo. 18s. 

Elements of Comparative Grammar and Philology. For Use 
in Schools. By A. C. Price, M.A., Assistant Master at Leeds Grammar 
School. Crown 8yo. 2s. 6d. 

Questions for Examination in English Literature. By Prof. 

W. W. Skeat. 2nd Edition, revised. 2s. 6d. 

A Syriao Grammar. By G. Phillips, D.D. 8rd Edition, enlarged. 
8yo. 7«.6d. 
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DIVINITY, MORAL PHILOSOPHY, ftc 

Bt ths Bet. F. H. Scbitenbb, A.B1, LL.D.y D.CX. 
Nomin Teltaiiiantiim Onsoe. Editio major. Being an enlarged 

Edition, oontaining the ReadingB of Westoott and Hort, and thoee adt^ted 
by the Berisera, Ac. 78. 6d. For other Bditions tee page 3. 

A Plain Xntroduotkm to the CritUdim of the New Testamflnt 

With Tortj VmomnuDM from Axicient HaniucriptB. 3rd Editum. 8n». 18i. 

Six Iieoturee on the Text of the New Testament. Far Enc^ 

Beaden. OrownSro. 6*. 

Godez Bene Oantabrigieiuds. 4to. lOf . 6d. 



The New Testament for "Rngllsh Beaden. By the late H. Alfori 

D.D. YoL I. Part I. 8id Edit. 12s. YoL I. Part H. 2nd Edit. lik,U. 
YoLn. Put L 2nd Edit. Ite. YoL IL Pturt n. 2nd Edit. 16>. 

The areek Testament By the late H. Alford, DJO. Vol. I. 7th 

Edit. U. 8a. YoL H. 8th Edit. IL 4a. YoL HI. 10th Edit. 188. ToL IT. 
Put L 5th Edit. 188. Y61. lY. Phrt H. 10th Edit. 14c YoL lY. IL 12ik 

Companion to the Greek Testament By A. G. Barrett, HA. 

5th Edition, revised. Fcap. 8vo. 5s. 
Guide to the TextucJ Criticism of the New Testament. By 

Bey. K Miller, M.A. Crown 8vo. 48. 

The Book of Psalms. A New Translation, with IntrodnctionSi^ko. 
Bt the Yery Ber. J. J. Stewart Perowne, D.D. 8y6. YoL I. 6th EdttwD, 
l&k YoL II. 6th Edit. 168. 

Abridged for SohooU. 6th Edition. Grown Sva IQt. 6d. 

History of the ArUoles of Bellglon. By G. H. Hardwiok. Srd 

Edition. Post 8to. 5a. 

History of the Greeds. By J. B. Lnmby, DD. 3rd Edition. 
Grown Svo. 78. 6d. 

Pearson on the Greed. Carefully printed from an early edition. 
With Analyms and Index b7 E. Waif ord, M.A. PoBt8TO. 58. 

Liturgies and Offices of the Church, for the Use of English 
Readers, in ninstration of the Book of Common Prayer. By the Ber. 
Edward Burbidge, M.A. Crown 8yo. 9s. 

An Historical and Explanatory Treatise on the Book of 

Common Prayer By Ber. W. G. Hnmphry, B.D. 6th Edition, enlaaqged. 
Small Post 8yo. 2s. 6a. ; Cheap Edition, Is. 

A Commentary on the Gospels, Epistles, and Acts of the 
Apostles. By Ber. W. Denton, A.M. New Edition. 7 vols. 8yo. 9s. each. 

Notes on the Catechism. By Bt. Bqt. Bishop Barry. 8th Edit, 

Fcap. 28. 

The Winton Church Catechlst Questions and Answers on the 

Teaching of the Chnrch Catechism. By the late Ber. J. 8. B. MoaaaD, 
LL.D. 4th Edition, doth, 3s. ; or in Fonr Parts, sewed. 

The Church Teacher's Manual of Christian InstraotUm. By 

Bey. M. F. Sadler. 38th Thousand. 2s. 6d. 
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FOREIGN CLASSICS. 

A Seriet for use in Schoolt, toith EnglUh Notes, grammatical and 
explanatory 1 and renderings of diffieult idiomatic expressions. 

Fcap. Svo. 

Schiller's WallenBteln. By Dr. A. Bnchheim. 5th Edit. Bs. 
Or the Lager and Piooolomini, 28. 6d. WaUenstein's Tod, 2s. 6d. 

Maid Of Orleans. By Dr. W. Wagner. 2nd Edit. Is. Qd. 

Maria Stuart By Y. Eacitner. 2nd Edition. 1«. 6<2. 

Gk)ethe's Hermann and Dorothea. By E. Bell, M.A., and 

B.W51fel. U6d. 

G^erman Ballads, from Uhland, Gtoethe, and Bohiller. By C. L. 

Bielefeld. SrdBdition. U 6d. 
Oharles XTT., par Voltaire. By L. Direy. 7th Edition. Is. Qd. 
Aventures de T616maqae, par F6n61on. By C. J. Delille. 4th 

Edition. 2s. 6d. 
Select Fables of La Fontaine. By F. E. A. Gaso. 18th Edit. Is. 6(2. 
Piooiola, by X.B. Saintine. By Dr.Dubno. 15th Thousand. Is. Sd. 
Lamartine's Le Tailleur de Fierres de Saint-Point. By 

J. Bolelle, 4tli ThonBand. Fcap. Syo. Is. 6d. 

Italian Primer. By Bey. A. C. Glapin, M.A. Fcap. Svo. ls„ 



FRENCH CLASS-BOOKS. 

Frenoh Grammar for Pablic Schools. By Bey. A. C. Glapln, M.A. 

Fcap. Svo. 12th Bdition, revised. 28. 6d, 
SVenoh Primer. By Bey. A. C. Olapin, M.A. Fcap. 8yo. 8th Ed. Is, 
Primer of French Philology. By Bey. A. 0. Clapin. Fcap. 8yo. 

4th Edit. U. 

Jj6 Nouyeaii Tr6sor; or, French Student's Companion. By 

M. E. 8. 18th Edition. Eoap. Svo. Is. 6d. 
French Examination Papers in Miscellaneons Grammar and 

Idioms. Oompiled by A. M. M. Stedman, M.A. 4th Edition. Grown 
Svo. 2s. 6d. 

Key to the aboye. By G. A. Schrumpf , XJniy. of France. Crown 

Svo. 5s. (For Teachers or Private Students only.) 

Manual of French Prosody. By Arthur Gosset, M.A. Crown 

Svo. 38. 

Ijexicon of Gonyersational French. By A. HoUoway. 3rd 

Edition. Grown Svo. 4s. 

PROF. A. BARRERE'S FRENCH COURSE. 

Sllements of French Grammar and First Steps in Idiom. 
Crown Svo. 26. 

Precis of Comparatiye French Grammar. 2nd Edition. Crown 

Svo. 38. 6d. 

Junior Graduated French Course. Crown 8yo. Is. Qd. 
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F. E. A. GA80*S FBBNOH OOUBSE. 

Vtrit Trenoh Book. Foap. 8to. 106th Thousand. 1#. 
Beoond Frenoh Book. 47th Thoosaad. Foap. 8yo. Is. 6d. 
B^ to First and Seoond French Books. 5th Edit. Fcp.Svo. 3<.6d. 
FIWQoh Fables for Beginners, in Fxose, with Index. 16th Thoosand. 

ISino. 1b. 6d. 

S^leot Fables of La Fontaine. 18th Thousand. Foap.8vo. ls.6d. 
BIstolres Amnsantes et InstraotlTeB. With Notes. 16th Thon- 

■and. Toap. 8to. 28. 

Fraotioal Guide to Modem Frenoh CkmTersation. 17th Thoa- 

■and. Foap. 8vo. Is. 6d. 

FranohPoelxyfortheToiing. With Notes. 6th Ed. Fop. 8yo. &. 
Hatexlala for IVenoh Prose Composition; or, Seleetfons frooi 

the bert Bngliah ProM Writers. 19th Thoiu. Fbap. 8n>. S«. K^, 6a. 
Prosateurs Oontemporalns. With Notes. 10th Edition, re- 

▼iaed. 12mo. 3t. 6d. 
ZaO Petit Oompagnon; a French Talk-Book for Little Childran. 
12th Thouand. lOmo. 1« 6d. 

An Improved Modem Pooket Dictionary of the Frendh and 

JfingliBh LangaaflrM. 45thThoiifland. Kfamo. 2s. 6d. 

Modem Frenoh-JBngllsh and Engllsh-Frenoh Dlotlonary. 4ih 

BcUtUm, reriaed, with new supplementB. 10a. 6d. 

The ABC Tourist's Frenoh Interpreter of all Inunedlate 
WantB. By F. E. A. Qaeo. Is. 

MODERN FRENOH AUTHORS. 

Edited, with Introduotions and Notes, by Jambs Boielle, Senior 
French Master at Dnlwioh College. 

Daudet's La Belle Nivemaise. 2«. 6(2. For Beginners. 

Hugo's Bug Jargal. 3«. For Advanced Students, 



GOMBERT'S FRENOH DRAMA. 

Being a Selection of the best Tragedies and Comedies of Molidre, 
Raoine, Oomeille, and Voltaire. With Anroments and Notes hj A. 
Oombert. New Bdition, revised by F. B. A Oaao. Fo^^. Sro. Is. each; 
wwed,6d. OOHTmrrs. 

MOLima :— Le Misanthrope. L'Avare. Le Bonigeois GentiUumune. La 
Tartnife. Le Malade Imaginaire. Les Femmes Sayantes. Lee Fonrberiea 
de Soapin. Les PrMenses Ridicoles. L'Boole dea Femmes. L'Eodle dea 
Haris. Le MMedn malffrtf Lni. 

RAonsTB :— PhMre. Bather. Athalie. IphigAiie. Les Pkddean. La 
ThiA)aIcle; oiifLesFrdresBnnemiB. Andromaqne. Britanniona. 

P. OoRVBiLLB:— LeOid. Horaoe. CHnna. Poljeaoto. 

YOLTAIBS :^ZaIre. _^_^_____^_^ 

GERMAN CLASS-BOOKS. 

Materials for German Prose Oompositlon. By Dr. Budiheim. 

12th Bdition, thorotiglily revised. Foap. 48. 6d. Key, Parts I. and XL, Si. 
Parts IIL and lY., 46. 

Qennan Conversation Grammar. By I. Sydow. 2nd Edition. 
Book L Btgmology. Ss. Od. Book XL Byntaz. Is. 6<1. 
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"Wortfolge, or Rules and EzerolBes on the Order of Words in 

Clerman Sentenoes. By ]>r. F. Stock. Is. 6d. 

A Gtorman Grammar for PabUo SohooLs. By the Ber. A. G. 

OlapinandF. HollMailer. 5tli Bdition. Foap. St. 6d. 
A Gfrerman Primer, with EzeroiseB. By Bey. A. 0. Glapin. Is, 
Kotiebue's Der Ghefangene. With Notes by Dr. W.Stromberg. Is. 
Gfrerman Examination Papers in Grammar and Idiom. By 

R. J. Morich. 2b. 6d. Key for Tutors only, 5s. 

By Frz. Lange, Ph.D., Professor B.M.A., Woolwich, Examiner 
in German to the Coll. of Preceptors, and also at the 
Victoria University, Manchester. 

A Concise German Grammar. In Three Parts. Part I. Ele- 
mentary. 28. Fart II. Intermediate. Is. 6d. Part III. Advanced, 3^. 6d. 

German Examination Course. Elementary, 2s, Intermediate, 28. 

Advanced, Is. 6d. 
German Reader. Elementary. Is. 6d. Advanced {in the press). 



MODEBN GEBMAN SCHOOL CLASSICS. 

Small Crown 8vo. 

Hey's Pabeln Fiir Kinder. Edited by Prof. F. Lange, Ph.D. la. 6d, 

Benedix's Dr. Wespe. Edited by F. Lange, Ph.D. 2s. Qd, 

HofOnan's Meister Martin, der Eiif ner. By Prof. F. Lange, Ph.D. 
U6d. 

Heyse's Hans Lange. By A. A. Maodonell, M.A., Ph.D. 28, 

Aaerbach*8 Auf Wache, and Boquette's Der Gefrorene Euss. 
By A. A. Maodonell, M.A. 2s. 

Moser's Der BibUothekar. By Prof. F. Lange, Ph.D. 28, 

Ebers' Eine Frage. By F. Storr, B.A. 28. 

Freytag's Die Joiumallsten. By Piof. F. Lange, Ph.D. 28. 6d. 

Gutzkow's Zopf imd Schwert. By Prof. F. Lange, Ph.D. 2s, 

German Epic Tales. Edited by Ear iNeohaus, Ph.D. 28, 6e2. 

ENGLISH CLASS-BOOKS. 

Comparative Grammar and Philology. By A. G. Price, M.A., 

ABsistant Master at Leeds Grammar SohooL 28. Qd. 

The Elements of the English Language. By E. Adams, Ph.D. 

22nd Bdition. Post 8vo. 4a. 6d. 

The Budlments of English Grammar and Analysis. By 

£. Adams, PIlD. 17tli Thousand. Fcap. 8vo. Is. 
A Concise System of Parsing. By L. E. Adams, B.A. 1^. 6(2. 
General Knowledge Examination Papers. Compiled by 

A. M. M. Stedman, M.A. 28. 6d. 

Examples for Grammatical Analysis (Verse and Prose). Se- 
lected, Ac., by F. Edwards. New edition. Cloth, Is. 

Notes on Shakespeare's Plays. By T. Duff Barnett, B.A. 
MiDSUKXSB Nioht's D&sam, Is. ; Julitts Gasab, Is. ; Henbt V., is. ; 
Tempest, Is. ; Macbeth, Is.; Mebghant of Yevice, Is.; Haklet, Is. 
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By G. P. liAflOH, Fellow of Uniy. Coll. London. 
Flnt Nottoni of Gnmmat for Young Learners. Feap. am 

47tli Tlumoand. Oloth. 9d. 

Flnt steps In BngUih Grammar for Junior ClnaooB. Demy 
Umo. 4(9th TlioQMuid. It. 

OntUnea of TiHgliah Orammar for the Use of Junior Glasafli. 

Tlflt to 76th ThoiiiiancL Grown 8to. 2a. 
TRngifMh Qrammar, indnding the Prindples of GrammatiMl 

Analytb. Slnt Edition. 125th to 130th Thonnnd. Grown 8to. '^a. 6d. 
Praotioe and Help in the Analysis of Sentences. 2^;. 

A Shorter English Grammar, with oqpioas Exercises. 34th 
to 38th Thousand. Grown Bvo. 3s. 6d. 

English Grammar Praotioe, being the Ezerdses separately. It, 

Code Standard Grammars. Parts I. and n., 2d. each. Parts UL, 
lY., and Y., 3d. each. 



Notes of Lessons, their Preparation, <fec. By Joe6 Bickard, 
Park Lane Board School, Leeds, and A. H. Taylor, Bodley Board 
Sohool, Leeds. 2nd Edition. Grown 8to. 28. 6d. 

A Syllabio System of Teaching to Bead, combining the advan- 
tages of the ' Phonic' and the ' Look-and-Say' SystenuB. Grown Svo. it, 

Praotioal Hints on Teaohlng. By Ber. J. Menet, M JL 6th Edit 
revised. Grown Svo. paper, 2s. 

How to Earn the Merit Grant. A Biannal of School Manage- 
ment. By H. Major, B.A., B.Sc. Part I. (3rd Edit.) Infant Sohool, 3c 
Part II. (2nd Edit, revised) , 48. Gomplete, 68. 

Test Lessons in Dictation. 4th Edition. Paper cover. Is, Bd. 

The Botanist's Pocket-Book. With a oopioos Indez. By W. B 
Hayward. 6th Edition, revised. Grown Svo. cloth limp. 48. 6d. 

Experimental Chemistry, f onnded on the Work of Dr. Stddkhaxdt 

By G. W. Heaton. Post Svo. &. 
Lectures on Musical Analysis. Sonata-form, Fugue, <fee. By 

Prof. H. G. Banister. 2nd Edition, revised. 78. 6d. 

Helps' Course of Poetry, for Schools. A New Selection from 
the English Poets, carefully compiled and adapted to the several standards 
by E. A. Helps, one of H.M. Inspectors of Schools. 

Book I. Infants and Standards I. and II. 134 pp. small Svo. 9d. 
Book II. Standards UL and lY. 224 pp. crown Svo. Is. 6d. 
Book III. Standards Y., YL, and YIL 352 pp. post Svo. 28. 

Or in PARTS. Infants, 2d. j Standard I., 2d. ; Standard II., 2d. 
Standard III., 4d. 

Picture Sohool-Books. la Simple Language, with numerous 

Illnstrations. Boyal 16mo. 

The Infant's Primer. 8d.— School Primer. 6d.— Sohool Reader. Bj 3. 
Tilleard. Is.— Poetry Book for Schools. Is.— The Life of Joseph. U.— Ths 
Scripture Parables. By the Rev. J. B. Glarke. Is.- The Scripture Miraelns. 
By the Rev. J. E. Glarke. Is.— The New Testament History. By the Ber. 
J. G. Wood, M.A. Is.— The Old Testament History. By the Rev. J. O. 
Wood, M.A. l8.— The Life of Martin Luther. By Sanu Grompton. h. 
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BOOKS FOR YOUNQ READERS. 

jL Series of Beading Books designed to facilitate (he acquisitum qfthe power 
of Beading by very young Children. In 11 vols, limp cloth^ 6(i. each. 

Those with an asterisk have a Frontispiece or other Illnstrations. 



/ 



/or 
InfanU, 



♦The Old Boathouse. Bell and Pan; or, A Gold Dip. 

*Tot and the Cat. A Bit of Cake. The Jay. The 

Black Hen's Nest. Tom and Ned. Mrs. Bee. 

*Tlie Cat and the Hen. Sam and his Dog Bedleg. 

Bob and Tom Lee. A Wreck. 

♦The New-born Lamb. The BoBewood Box. Poor 

Fan. Sheep Dog. 
♦The Two Parrots. A Tale of the JubUee. By M. E. \ 

Wintle. 9 Illnstrations. 

♦The Story of Three Monkeys. 
♦Story of a Cat. Told by Herself. 
The Blind Boy. The Mute Girl. A New Tale of 

Babes in a Wood. 

The Dey and the Knight. The New Bank Note. 

The Royal Visit. A King's Walk on a Winter's Day. 

♦Queen Bee and Busy Bee. 
♦Gull's Crag. 

* A First Book of Geography. By the Bey. C. A. Johns. 
Dlnstrated. Doable size, la. 

Syllabic Spelling. By C. Barton. In Two Farts. Infants, 3d. 

Standard I., 3d. 



I /or 
/ Standards 



GE GRAPHIOAL SERIES. By M. J. Babrington Ward, M.A. 

With Illustrations. 

Tb ^ Map and the Compass. A Beading-Book of Geography. 

For Standard I. New Edition, revised. 8d. cloth. 
The Bound World. A Reading-Book of Geography. For 

Standard II. lOd. 
About England. A Reading Book of Geography for Standard 

III. , [J« ^^ prewj. 

The Child's Geography. For the Use of Schools and for Home 

Tuition. 6d. 
The Child's Geography of England. With Introductory Exer- 
cises on the British Isles and Empire, with Questions. 2s. 6d. Without 
Questions, 2«. 

Geography Examination Papers. (See History and Geography 

Papers, p.ll2.) 
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BELUS READING-BOOKS. 

FOB BOHOOLB AHD PABOOHIAL LIBBABIX& 

Now Beadif, Poit 8vo. Strongty homnd in eloth. It. each, 

*Life of Columbus. \ 

•Oflmm'i Q«niuui TalM. (Seleeted.) 

* Aiid«rMB'i Dtniih TalM. Dlustrated. (Sdeoted.) 

Qreat TH«flH«i}mmi Short Lives for Toung Ohfldren, 

Great Englishwomen. Short Liyes of. 

Qreai Sootsmen. Short Lives of. 
*lfMtennan Beady. ByCapi lianyat. nius. (Ahgd.) 
*Poor Jaok. By Oapt. Marryat, B.N. (Abridged.) 

*Soott^8 Talisman. (Abridged.) 

*VMends In Fur and Feathers. By Ghvynfryn. 

*Poor Jaok. By Captain Marryat, B.N. Abgd. 

Parables from Nature. (Selected.) By ICrs. Oatty. 

Lamb's Tales from Shakespeare. (Selected.) 

Bdgeworth's Tales. (A Selection.) 
•GnUlTer's Travels. (Abridged.) 

* Robinson Omsoe. Dlustrated. 

* Arabian Nights. (A Selection Bewritten.) 

^Dickens's Little NeU. Abridged from the < The Old 

Onriosity Shop.' 

*The Yicar of Wakefield. 

*Settlers in Canada. By Oapt. Manyat. (Abridged.) 

Sffarie : Glimpses of Life In France. By A. B. Ellis. 

Poetry for Boys. Selected by D. Mnnro. 
*Soathey's Life of Nelson. (Abridged.) 
♦T.ifa of the Duke of Wellington, withMaps andPlans. 
*Sir Roger de Coverley and other Essays from the 

Spectator. 

Tales of the Coast By J. Bunciman. / 

* These FoUtmes are UhutraMi, 

Uniform with the Series^ in lin^ elothy 6(2. each, 

Shakespeare's Plays. Eemble's Beading Edition. With Ex- 
planatory NotM for School Use. 

JULIUS 0-fiSAE. THE MEROHANT OP VENICE. KINO JOfflT. 
HE5BY THE FIFTH. MAOBETH. AS YOU UKS H. 
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